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✌ ☛ ✒❃✭ ☛ ✒✒✘✏✓✒✘✹✜✩✫✒✘✹✺✩✚✯ ✒✘✏ ✲✘✯ ✂
 
✏
✬ ✒✒✘✯ ✕✵✹ ❆✠✒ ✌ ☛✴✏ ✒✘✹ ✏ ✂✵✽ ✓ ☎✑✂✵✹✜✩✓☎❅✒ ✌✗✏✪✒✛✏ ✒✓✬☛✭ ✯ ✒✘✏ ✏ ✂ ✹✺✩ ✬✄✂✵✹✺✩☞☛ ✒✒✸✏ ✝✕ ☎ ☛ ✂✵✽✞✩✫✒ ☎❅✒ ✯ ✕✁ ✑❆✑✌ ☛ ✒ ✂
✂
✕ ☎✟✞ ✬✄✂✆☎✞✝✒✘✯ ✒
☎❅✒✏☎ ✒✒ ✠✵✒✓✯ ✂✸✭✱✭ ✒✘✬ ✒✓✹✺✩ ☎ ✌
 
✕✵✹✜✕✵✯✎✔ ✓ ✆✎✧ ✞✶❻
✁
✓  ☛✕ ☛✸✽✾✏ ✓
✂
✇ ☎✟✞ ✽ ☎❅✒✘✬ ✭ ✂ ✌ ☛ ✯ ✒
 
✕ ✹✜✕✵✯✎✘✄✂❢❹ ✓☎☞ ✞ ✍✆☎✌✓
☎
☛ ✂✵❁
✹✿✽✞✹ ❆ ✌✺✒ ☎❂❃✆✝ ✔ ✒✓✩✞✝ ✌
 
✂ ☛✍☛ ✒✘✏ ✭ ✂✵✹ ☎❅✒✘✹✺✩ ✕ ✌✗✏ ✕✵✬✮✭✜✯ ✽  
 




✒ ✽✧✹✜✩✫✒ ☛✸✬ ✒✒ ☎✵✽ ✕✵✽ ☛ ✒
✂ ✤✡✂ ☎ ❃ ✏ ✔ ✒ ✩✑✏ ✌
 
✂ ☛✍☛ ✒✘✏ ✭ ✂ ✹ ☎❅✒✘✹✜✩ ✝✕ ☎ ✒✸✏✚❆ ☛✸✽✞✯✧✯ ✒✸✏ ✽✞✹✺✩✫✒ ☛ ✠✵✒✓✹✜✕✵✹✺✩ ☎✱✕✵✹ ✏✮✯ ✠ ✂❄✭ ✒✒ ☛ ✕ ✩❂✽ ✂✵✹ ☎ ✒ ☎ ✽ ✭✜✯ ✒ ✏ ✕ ❆ ✒ ✂✫✯ ✒ ☎ ✽✧❁
✭✜✯ ✒ ✏✠✒ ✌ ☛ ✹ ✠ ✒✸✏✘✩✼✭✼✕✵✏ ✒ ✏✘✭✜✯ ✽
 
✽❂✩✫✒✘✬ ✒✓✹✺✩ ☛ ✒❃✭ ☛ ✒✒✘✏✓✒✘✹✜✩ ✒✒ ✽
 
✽ ☎ ❃ ✆ ✒✘✏ ❀✓✕✵✽✧✏
 
✒ ✕ ✌✗✏✄☎ ✌
 
✽ ✒✘✯✜✒✓✩ ☎❅✒☛✯ ✠ ✍ ✆ ✭ ☛ ✂✗✠ ✽ ✒✘✹✺✹ ✒✘✹✺✩
☎❅✒✘✏ ☎✵✽ ☛ ✒
 
✩❂✽☞✂ ✹ ✏ ✒✒ ❆ ✕✵✯ ✒✘✬ ✒✘✹✺✩ ✽✞✹ ☎✵✽
✛
















































































































































































































































































































































































































































ÜÞã➲ãñÙ⑦Ú✳ã ✚ ä❡Ù✞ç✳Ú✳ß ÜÞãÞß
































































































































































































































































































































✙ ✙ ✙ ✙ ✙ ✙ ✙
♦✌✤❚❫❩❋❉☞❨✎✖✁❊❋❲✮❉✵✍
✏


















































































































✌✺✒✸✏✪✒✓✩✕☎❅✒✸✏ ✭ ✒ ☛✞❀ ✂ ☛❄✬✳✕✵✹
 
✒✸✏ ☎❅✒ ✡ ✤✡✂✥✤ ✂ ☎✡✠ ✕✸✭ ☛ ✝✒✘✏✹✸ ✻❅✷✵❁
✲ ✂ ☛✸✹
✂
✝ ✒✓✽✧✹✜✩✫✒✘✬✳✕ ✔✗✖✗✖✍⑩ ☎❂❃   ✕ ☛ ☛ ✒✒✸✏ ✂✵✯ ✌✼✩❂✽ ✂✵✹ ☎ ✒✸✏ ✏ ✭✿✒
 
✩☞☛ ✂✵✬ ✝✒✓✩☞☛ ✒✸✏ ✓ ✂✵✹ ✒✘✹✺✩✫✒✓✹ ☎ ✽
 
✽ ☛ ✒✒✸✏ ✂ ✯ ✌ ✩❂✽ ✂✵✹ ☎❅✒
✯ ✠ ✽✞✹ ✏✸✩☞☛✍✌✼✬✳✒✓✹✺✩✂✓
 
✠ ✒✸✏✘✩❂❁ ✝✕ ❁ ☎✵✽ ☛ ✒ ✯ ✕
 
✂✵✬ ✲✘✽✞✹✜✕✵✽✧✏ ✂✵✹ ☎❅✒✘✏ ✭ ☛ ✂   ✯ ✏ ☎❅✒ ☛ ✒✒✘✏ ✂✵✯ ✌ ✩❂✽☞✂✵✹ ☎ ✌ ✏✫✭ ✒
 
✩☞☛ ✂✵✬ ✝✒ ✩☞☛ ✒✂✒ ✩✓☎❅✒
✯ ✠ ✂✗✏
 
✽✞✯✧✯ ✕ ✩✫✒ ✌ ☛ ✯ ✂
 
✕ ✯ ❃✳✔ ✒
 
✽ ✒ ✏✘✭✜✯ ✽
✛


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 ✂✁☎✄ ✥❖ß ❩ ✆ ☎
✕ ✌
 













❆ ✒✒✓✹✓✒✒ ☛ ✕ ✩❂✽ ✂✵✹ ✒✓✩ ✬✟✌✼✯ ✩❂✽ ✭✜✯ ✽
 






✂ ✌ ✭✜✯✰✕ ❆ ✒ ✕ ✌✗✏ ✬✄✂✵❁




✒ ✠✗✕✵✹✺✩ ✯ ✒ ✏❄✽ ❆ ✹✜✕ ✯ ✍ ✆ ✕ ✌ ✹✿✽✂✠✵✒✴✕ ✌ ☎ ✌
✭✜✯ ✕✵✹ ❀ ✂
 
✕✵✯ ✓✚✕✗✠✗✕ ✹✺✩ ✬ ✒✒✓✯✰✕✵✹✠❆ ✒ ❃ ✆✑✒✸✏ ✭✼✕ ☛✘✩❂✽ ✒✘✏✝✏ ✔ ✒✓✩✟✏ ✌✮❀ ✂ ✹✺✩ ☛ ✒✒❂❀ ✒✒ ☛ ✒✘✹
 
✒✸✏ ✕ ✌✗✏ ✒✒✘✯ ✒✒✘✬ ✒✘✹✺✩✞✏✓☎❅✒ ☎✵✽ ✭✜✯ ✒ ✏ ✕ ❆ ✒






















































































































































































































































































































































































































































































































































































































































































  ✂✁☎✄ ✥❖ß ❬ ✆
☞
 
✻ ✒✒✘✬✳✕ ☎❅✒ ✭ ☛❄✽✞✹
 
✽ ✭ ✒ ☎✡✠ ✌✼✹ ✏✫✭ ✒
 
✩☞☛ ✂ ✬ ✝✒ ✩☞☛ ✒✂✕
 




✂✵✹ ✏✘✩☞☛ ✌✼✽❂✩ ✝✕ ✔ ✂✵✯ ✂ ❆ ✹ ✒✲❃




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































✠ ✆✞☎ ✁ ✩✫✓❀✳ ✻☛ ✬✏✻☛✍✠☞✩ ✦✄✂❀✻☛✵✕✷✩ ✦✔✗✯✬✒✬✣✩✫✳✝☛✡✤ ✧ ✜✒✬ ✑✞✬✣✓ ✕✷✠✙✜✒✮ ☛ ✬✯✕ ✎✏✻☛✵✕✒✻☛ ✠☞✗ ✤✆☎ ✬✣☛ ✤ ✜


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































✆✞✝✠✟✡✆✞☛✌☞✍✆ ✎✑✏✓✒ ✔✓✎✕✒ ✏✖✒✖✒ ✗✘✔✖✒ ✙✖✙✞✚✖✒ ✙✞✚✘✛✓✒ ✙✜✎✡✙✢✒ ✙✢✗✠✙✢✒
✣✂✤✦✥★✧✪✩
✫✦✬✞✭✯✮✱✰✜✲✓✳✵✴✷✶☎✸✺✹
✣✼✻✽✩ ✾✞✿ ❀ ✾✢✿ ❁ ❂✍✿ ❃ ❂❄✿ ❅ ❂❄✿ ❁ ❃✜✿ ✾ ❃✢✿ ❅ ❆✞✿ ❁
❇
✮❈✬✓❉❊✳●❋✞✳✵✲✓❍★✫❏■
✣✼✻✽✩ ✾✞✿ ❃ ✾✢✿ ❆ ✾✞✿ ❆ ✾✢✿ ❑ ❂❄✿❊❂ ❂❄✿ ❃ ❂✍✿ ▲ ❃✢✿ ❆
▼
❍✯✲✖✮◆✭★❖✓✳❏P✖◗❄❘✖❖✓✳❙✫❏■
✣✼✻✽✩ ❂❚✾ ❂❚❃ ❂✪▲ ❂❚❯ ❃❱✾ ❃✍❃ ❃❱❅ ❆✍❃
❲❨❳
✳✵❉❈◗❄❘✓❩✍✳✵✲✞❍




✣✼✻✽✩ ❯ ❑ ❑ ❑ ❂❄❂ ❆✍❀ ❆✍❀ ❆✍❯
❞ ❪❡✬✖❉❊✮◆❢✘❣❚◗✪✭✯✳✵✲✓❍✷❛❝✶❤✶☎✸✺✹
✣✼✻✽✩ ❂✪❯ ❃✜❂ ❃✢❂ ❃❄❃ ❃❱❁ ❃❄❁ ❁✍❁ ❑❄✾
❬❏❭◗❱P✖❉❊✳❙❛✐✶✡❴✂❣●❍❵❥✜❦❄❧✘◗❱❍✯❘✖◗❄✮❊✴
✣✼✻✽✩ ✾✞✿ ❆ ✾✢✿ ▲ ✾✞✿ ❯ ✾✢✿ ❑ ❂❄✿❊❂ ❃✜✿ ❆ ❃✢✿ ❑ ❆✞✿ ✾
♠✢❥✞✴✐✭❚♥✳✵❪❡✳✦❛❝✶♣♦❝❣q❧✘◗❄✲✖❖✓r











✆✓t✈✆②⑤⑦⑥⑨⑧❶⑩✐❷②❸ ✏✘❹ ✙✞✚✘✏ ✙✓❺✓✛ ✚✘✚✕❺ ✚✕❺✖✔ ✛✘✏✘❹ ❺✢✎✑✏ ❺✘❺✑✙
❻❽❼❿❾
✑➄✓✖✕✘✗⑨✙ ➀ ❜✲❻●✇✪✭✬❱✾✯◆❻st✲ ❄❛✲❘◗ ●✳✪✭❈❃✺✽✮❘✿❂✰✱✬✯✺✽✿❂✪✭❈q◗ ◆❧✬ ✰❋✮❘✬✖✿✽✺✹✿✏❈q◗❘✺✽✮❘✬✯❴❾✲❋❈❃✺r◆✭❢➃❢❸✲ ❢❸✪✭❈ts▼❄❛✲ ❢❿◆▼●❋❹✖◆✺➁
➂
❈✔✲ ❄❛✲











































































































































































































































































































































































































































































































































































































































































































































































☞✍✌✽✎ ✑ ✓✖✕⑩✓✜✙ ➀❅✿❂◆❍s❭✮❡◆✭❴❺❴❾✲ ❄t✲ ①②◆✭♣
✮❘✿❂◆✭❈❀●✳✲❺❄ ❆ ➅✻❢✏❢❸◆✭❈❵✾q✪✭✬✯✮✁  ✺✽✼✳✾q✲❘◗❞❄❛✲➂✰✱✮✳✬✯✿✽✺






❨❘❪❧⑤ ❙ ◆ ●✳✪✭❴❾✰❋✿✏❈❀◆✭✿⑦◗❋✪✭❈ ❄❛✲❘◗
❄t✲❋✬❭③ ❄❭✪✭❈❃❈✔✲❷❢❸◆ ●✳✪✭✬✯✮✱✰✳✲ ✲❋❈ ✾✔✬✖✿✽✺✏◗❷✲❍✺









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































✙ ✛✣✢✥✤ ✦✔❑✳❢✏❢⑧✬✖◗❘✺✽✮✣◆❧✺✽✿❂✪✭❈ ❄❛✲❋◗ ✾✔✮❡✪✳✾✔✮✳✿✖❜✲✱✺q❜✲❋◗✻❄❛✲❘◗✌✮✱◆✭✿⑦◗❋●✳✲✇◆✭✬❭③✐s❛◆✭✬✖◗✇◗❘✿❂✲✱❈q◗ ✾✯✪✭✬✯✮✝✆❞❢❿✪❧❈ts❧✬❃✲❋✬✯✮✳◗❚❄❇❆ ✪✭❈❀❄❛✲
▲✟✞  ✡✠✩→✫❴➂❽ ❹✖◆❛●❋❹❛✬✯✮❲✲❘◗✇❣☛✆t❨  ✩→✫❴❵❽ ❹✖◆❭●✱❹❛✬✯✮✣✲❋◗✳♣➁✾✯✪✭✿✏❈❃✺✽✿✏❢⑦❢②❜✲❘◗✳❣✍❨☞✠✍✌✹→✫❴❵❽ ✺✽✮✣◆✭✿✽✺✏◗✍✾❀❢❸✲✱✿⑦❈♥◗♦❪❾✲✱✺   ●✇◆②◗❅❄❛✲ ✂ s❧✬✯✮❲✲ ❽
✲❋❈❩✰❲◆②◗✳❣❺✺r✪✭✬✖◗✈❢❸✲❋◗
✢
◆✭✿⑦◗❘✺✏◗ ◗❋✪✭❈❀✺❷❜✲❲st◆✭✬❭③ ❁✱✬❃✲✱❢❿❁❍✬♥✲ ◗✱✪✭✿✽✺ ✗ ✲❍✺❺❢❸✲❋◗ ✮✱◆✭✿❂✰✱❢❸✲❋◗ ❢❸✪✭❈ts❭✬♥✲✱✬✯✮✇◗ ✮✣✲❋◗❘✺♦✲❋❈❀✺❾●✇✪✭❢✏❢➀✿⑦♣
❴❵◆❧✺q❜✲❻✲❋◗➂✾❀❢➀✬✖◗ ❢❿✪❧❈ts❭✺♦✲✱❴➃✾❀◗ ▲ ✁
✥
✾❀❢➀✬✖◗⑨s❧✮✣◆✭❈❀❄❋❪✭⑤❾★✹❆ ✲❘◗❋✺ ❢❸◆✉●✇◆✭◗ ●✇✪✭❈♥◗✳✿❂❄➄❜✲❋✮ ❜✲❶✲❋❈  t⑤  t⑤✏✎ ▲r①✭✪✭✿⑦✮ ◆✭✬✖◗✇◗✳✿❺◆✭❈♥♣
❈✔✲✇③t✲❏★❀❪❧⑤✒✑✚❈✈❹✖◆✭✬q✺➄❢❸✲❋◗
✢
◆✭✿⑦◗❘✺✏◗❞◗❋✪✭❈❀✺ ✾❀✮❡✪❘✾✯✪✭✮❋✺✽✿✽✪✭❈❃❈✔✲❋❢⑧◗ ❖◆ ✗ ❄❇❆ ✬✯❈✔✲❺❴➂◆❧❈♥✿❧❖✲✱✮✣✲❷❖◆ ●✳✲❵❁✱✬❊❆ ✿✏❢⑧◗ ✿⑦❢✏❢➀✬✖❴❺✿✏❈✔✲❋❈❀✺
❄❛✲ ✮❋◆✔✓ ●❱✪✭❈❏✿❂❄❛✲❋❈❀✺✽✿✽❁❍✬♥✲✐✬✖❈✥✲❚◗✳✬✯✮✍✮❋◆❭●❘✲✻◗❘✿✏✺✽✬✹❜✲❻✲ ❖◆➂✬✖❈✥✲✹❄✭✿⑦◗❘✺r◆✭❈❀●❘✲ ❄❛✪✭❈♥❈ ❜✲❱✲➂▲❿✾q◆✭✮ ✲❲③t✲✱❴❚✾❀❢❸✲✐✬✖❈➂✾❀❢❿◆❧❈❺✾❀✬❱✾❀✿✏❢⑦❢✘✲④❪
✿✏❈❀❄✚❜✲✷✾♥✲❋❈❀❄❭◆❧❴❝❴❾✲✱❈❃✺❊❄❛✲➃❢❿◆ ❢❸✪✭❈ts❧✬❃✲✱✬✖✮➃❄ ❆ ✪✭❈✔❄❛✲❍⑤❊★✹❆ ✲❘◗❋✺❇❢❸◆❞●✳◆②◗ ✾✯◆✭✮✹✲❲③t✲✱❴❚✾❀❢❸✲✻❄❛✲❋◗➃●✇◆✭❢❸●✱✬✯❢⑧◗✩❄t✲
✢
◆❧✿➁◗❋✺✏◗✧✾✯✪✭✬✯✮
✕✻❑✗✖ ❑❏▲r①✭✪✭✿⑦✮❫✺♦✲❲③❭✺♦✲❡❪✭⑤✚✛✣⑥ ✤✧✦✙✘➄✮✣✪✳✾✯◆❍st◆❧✺✽✿❂✪✭❈ ❄❛✲ ✮✱◆✭✿➁◗✱●✳✲✇◆✭✬❭③ s❛◆✭✬✖◗✇◗❘✿❂✲✱❈q◗  ❭♣✯➀✹❣✚✿✏❢⑦❢➀✬✖◗❘✺✽✮✣◆✭❈❃✺✻❢✣❆✇❜✲✱①②✪✭❢➀✬q✺✽✿✽✪✭❈✉❄❛✲
❢❸◆ ❄✭✿➁◗❋✺✽✮✳✿r✰❋✬q✺✽✿❂✪✭❈❶❄❇❆✇❜✲❋❈✔✲✱✮✽s❭✿❂✲❝✺✽✮✣◆✭❈q◗❘①✭✲❋✮✳◗✱✲ ❖◆❾❢✣❆ ◆❍③t✲⑨▲④❄❇❆ ◆❘✾❀✮P❖✲❋◗✚✘➃◆✭❈❃✺r◆✭❢✘✲✇✲✱①  ✝✆✓✆✓✆✳❪❧⑤


































































































































































































































































































































































































































































☞ ☞ ☞ ☞
☞ ☞ ☞ ☞
☞ ☞ ☞ ☞
☞ ☞ ☞ ☞
✌✁✌✁✌✁✌✁✌✁✌



















✑ ✑ ✑ ✑
✒✁✒✁✒✁✒
✒✁✒✁✒✁✒
✓ ✓ ✓ ✓












☞✍✌✏✎✒✑❃✓✖✕✫✪ ✙ ✛✣✢P✤❅■❀●❋❹❚❜✲✱❴❵◆❾❄❇❆ ✬✯❈ ✺✯❜✲❋❢✘✲❘◗✱●✇✪✳✾q✲❞❄❛✲✐✺✽✼✳✾q✲❫★✫◆②◗✳◗✱✲rs❭✮❡◆❧✿⑦❈ ✿⑦❢✏❢➀✬t◗❋✺✽✮❡◆❧❈❃✺✫❢✣❆ ✿✏❢⑦❢➀✬✯❴❺✿⑦❈❀◆❭✺✽✿✽✪✭❈✈❄✭✬ ✮✳✮✣✪✭❈❃✺
❄❇❆ ✪✭❈❀❄❛✲ ➃ ✲✱✺✍◗✱◆❏✺✽✮✣✪✭❈❀●✳◆❧✺✽✬✯✮✣✲ ▲✷◆❘✾✯✪❍❄✭✿⑦◗❋◆❧✺✽✿❂✪✭❈❧❪❱❣✐❄❇❆ ◆✳✾❀✮❇❖✲❘◗✗✖✍✮❲✲❋①❧✲  ✝✆✓✆✞✆❧⑤✚✛✣⑥ ✤➛➀❅✿❂◆❍s❭✮❡◆✭❴❺❴❾✲✐✾✯✪✭❢❸◆✭✿⑦✮❲✲ ❄❛✲













































































































































































































































































































































































































































































































































































































































































❂✦✮ ✾ ❃✰✯ ✾✱✮ ✾✞❂✵❆ ▲✳✲✪✴✶✵
❦✑♥✲✸✷
✴











☞✍✌✏✎✒✑✻✓✖✕❺❹ ✙ ❑✳❢✏❢⑧✬✖◗❋✺✽✮❡◆❧✺✽✿❂✪✭❈ ❄❛✲❘◗❶✲✽❳✻✲❍✺✏◗ ❄❇❆ ◆②◗❘✺✽✿❸s❧❴❵◆❧✺✽✿⑦◗✳❴❾✲▼✪❛✰❍✺♦✲❋❈♥✬✖◗❵✾q✪✭✬✯✮ ❄t✲❘◗✈✪t✰❘◗✱✲✱✮✳①✭◆❧✺✽✿❂✪✭❈q◗❶●✇✪✭❈❃✺✽✿✏♣
❈♥✬✯✬✯❴ ◗✳✬✯✮✻◗❋✪❧✬✖✮✣●✳✲❋◗➄✾✯✪✭❈❀●❻✺✽✬❃✲❋❢✏❢❸✲❋◗❅◆❘✾❀✮P❖✲❋◗ ❁✱✬❃✲✹❢✘✲ ✺✯❜✲❋❢✘✲❘◗❋●✳✪✳✾q✲⑨▲✲✆ ✆②♣④❴ ❄❛✲❅❢❡❆ ❑ ✘✩➅✂✁ ✿❂●✱✿⑧❪➂◆❧✿✏✺❊◗✳✬❃✰❋✿✧✬✯❈✁✮✱✪✭✮❋✺
s❧✮✣◆❭❄✭✿r✲❋❈❀✺✚✺✏❹✯✲❋✮❘❴❺✿✽❁❍✬♥✲❋❣❇✾❀✮✣✪✭①✭✪❍❁✱✬♥◆✭❈❃✺✻❄❛✲❘◗❺❄➄❜✲ ✮✱✪✭✮❘❴➂◆❭✺✽✿✽✪✭❈♥◗❝❈❀✪❭✺r◆❛✰❋❢✘✲❘◗➂❄❛✲❝❢❸◆❫◗✳✬✯✮ ✮✱◆❭●❘✲➂❄✭✬ ✮ ❜✲☎✄✚✲✇●❍✺♦✲❋✬✯✮➃✾❀✮❘✿⑦♣
❴❵◆✭✿✏✮✣✲❻⑤✩❙ ✲❘◗❏❄❛✲✱✬❧③ ✪❛✰❘◗❍✲❋✮❘①②◆❧✺✽✿❂✪✭❈q◗ ◗✱✪✭❈❃✺✹◗ ❜✲✷✾✯◆❧✮ ❜✲❱✲❘◗❏❄❇❆ ✲✱❈♥①❻✿✏✮✣✪✭❈   ❹✯✲❋✬✯✮❲✲❘◗✱⑤➃■❃✬✖✮ ❢❸◆ ●✳◆✭✮❘✺♦✲ ❄❛✲❫s❛◆✭✬♥●✱❹✯✲❘❣
❢✘✲❺❢❸✪❛✰✇✲➂◆❘✾❭✾✯◆✭✮✣◆➏➁
➂
✺ ✮✱✪✭✮❋✺♦✲❋❴❾✲❋❈❃✺✩◆❧❢⑦❢❸✪✭❈ts✩❜✲❝◗✱✲✱❢❿✪❧❈❶❢❡❆ ◆❍③✖✲❵❄❛✲❋◗ ❜✲❋❢②❜✲❋①✭◆❧✺✽✿✽✪❧❈q◗⑨▲♦❢❡❆ ◆❍③t✲❾❄❛✲❾✰✇◆✭❢❸◆✭✼❭◆❍st✲❫✲❘◗❘✺✩◆❱❯❋✿✏❴❝✬✯♣
✺r◆✭❢✚✿❂●✱✿⑧❪✭⑤✝✆ ❈✔✲ ✮✳✮✣◆❭●❻✺✽✿✽✪✭❈ ◗✳✿❸s❧❈❃✿ ✂✒●✳◆❧✺✽✿✏①✭✲ ❄❛✲ ❢❸◆⑨✾❀✬✯✿⑦◗✇◗✱◆✭❈❀●✳✲ ◗✱✲ ✺✽✮✣✪✭✬✯①✭✲ ❄❭◆✭❈q◗❏●✳✲❍✺ ❜✲✱✺✽✿✏✮✣✲✱❴❵✲✱❈❃✺❞❄❧✬▼❢❸✪❛✰✳✲❍⑤
➅ ❄✭✮✣✪✭✿✏✺♦✲❋❣✩❢❸✲➂✮ ❜✲☎✄✚✲✇●❍✺♦✲✱✬✖✮❺◗❍✲❝◗❋✺r◆❛✰❋✿✏❢⑧✿⑦◗❋◆❧❈❃✺❚✺✏❹q✲❋✮❘❴❝✿❂❁✱✬❃✲✱❴❵✲✱❈❃✺✏❣✚❢❸✲❵❢❸✪❛✰✇✲➂◗✱✲❵✮❡◆❘✾❭✾❀✮✣✪❍●❋❹✯✲❞✾q✲❋✬ ❖◆❺✾q✲❋✬ ❄❛✲➂◗❋◆
✮✱✪✭✮✳❴❾✲❾◆❧✺❂✺♦✲❋❈❀❄❧✬♥✲❻⑤ ❙ ✲❘◗❝●✳✪✭❈❃✺r✪✭✬✯✮✳◗❞◗✱✪✭❈❃✺✚❄❛✲❝♣  ✝✆✟✞ ▲❿✾q✪✭❈❃✺✽✿✏❢⑦❢②❜✲❘◗✷❪❻❣ ✾❀✬✯✿➁◗✁ ✙✆ ❖◆ ❨✞✆✓✆✠✞ ✾q◆✭✮✩✾q◆②◗❺❄❛✲  ✝✆✟✞❅⑤
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●❋❹✖◆❧✮✽s✖✲✹✿✏❈❃✺♦✲❋✮❘❈✔✲❵▲r❴❾✲❘◗❘✬✖✮❲✲❘◗✻◗✳✬✯✮✻❢❸✲✻◗❋◆❧✺♦✲✱❢⑦❢➀✿✏✺♦✲❾❥✩❄✭✿✏❈q❣✧❄ ❆ ◆✳✾✔✮P❖✲❋◗✝✕❞⑤❊❥➄❢❸✪❡❳✚◗✱✪✭❈❧❪❧⑤ ▲④◆❘❪ ❽P✮ ❜✲✷✾✯✪✭❈♥◗✱✲❝✲❋❈ ◗✱✪✭✮❘✺✽✿r✲
❄❇❆ ✬✖❈▼◗♦✾q✲❲●❻✺✽✮❡✪✭❴ ❖✲❍✺✽✮✣✲ ◆❭●✇●✳✪✭✬✖◗❘✺r✪✭♣✣✪✳✾✔✺✽✿❂❁✱✬❃✲❻⑤❅▲④✰❡❪✫❽✍✮✧❜✲✷✾q✪✭❈q◗✱✲ ✲❋❈ ◗❋✪✭✮❋✺✽✿❂✲ ❄ ❆ ✬✯❈❦◆✭✬q✺r✪❍●✇✪❧✮✳✮ ❜✲❋❢❸◆❧✺♦✲❋✬✯✮ ▲ ✆ ◗✱✪✭✬✖◗✳♣
✰❲◆✭❈✔❄❛✲❘◗ ✿❂●✱✿⑧❪✭⑤
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➝
✍✏✌❇❽✩▲✷◆❋❪❏✲❍✺✹▲④✰④❪❊❽❊◗✳✿✏❴❝✬✯❢❸◆❧✺✽✿❂✪✭❈▼❄❛✲➂◗r✾♥✲❲●❍✺✽✮❲✲❘◗❫✲✱❈
✾❀✬✯✿⑦◗✇◗❋◆❧❈❀●✳✲❏✺r✪❧✺r◆✭❢✘✲ ❄❭◆✭❈q◗ ●❋❹✖◆❛●✱✬✯❈✔✲ ❄❛✲❋◗✹✾❃❹✖◆②◗❍✲❘◗✱⑤✍❙ ◆ ❢⑧✿❸s❧❈✔✲ ❄t✲❏✰❲◆②◗❍✲❏✲❘◗❋✺✩◗❘✿⑦❴❺✬✯❢②❜✲❻✲❅✾✯◆✭✮⑨✬✯❈✔✲❫✮ ❜✲✷✾✯✪✭❈♥◗✱✲
✺✽✼✳✾❀✿❂❁✱✬❃✲❚✲✱❈➂◗❋✪❧✮❘✺✽✿r✲➃❄t✲➃✰❲◆❛●✭✬❧✲✱❈❀❄②❣✖✾❀❢➀✬✖◗✍✬✯❈✔✲➃✪✭❈❀❄❛✲✚◗❘✺r◆❧✺✽✿❂✪✭❈♥❈✔◆✭✿⑦✮❲✲❍⑤❊▲✷●❡❪✫❽❀❄❧✿ ❳ ❜✲✱✮✣✲✱❈❀●✳✲❚❄❛✲❋◗  ✩✾❃❹✖◆②◗❍✲❘◗✇❣P✿✏❢⑦❢➀✬✖◗✳♣
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✾✯◆✭✿✏✮❲✲❘◗❏✮❲✲❘◗r✾♥✲❲●❍✺✽✿✏①✭✲❋◗❋⑤➂▲✏s❋❪ ✲✱✺❵▲r❹❍❪ ✮✣✲④✾❀✮ ❜✲❘◗✱✲✱❈❃✺♦✲❋❈❀✺❝●❘✲❘◗❏❄✭✿ ❳ ❜✲❋✮❲✲❋❈❀●❘✲❘◗ ❈❀✪✭✮❘❴❵◆✭❢⑧✿⑦◗ ❜✲❱✲❘◗❝✾✯◆✭✮ ❢❿◆ ✮ ❜✲④✾✯✪✭❈q◗❍✲ ❄✭✬
◗✳✼②◗❋✺❭❖✲❋❴❾✲❍⑤ ▲r✿⑧❪ ✲❘◗❘✺✻❢✘✲❾◗✳✿❸s❧❈❀◆❧❢✣✂❊❈❀◆❧❢❏❜✲✱✺r◆✭❢❸✪✭❈♥❈ ❜✲⑨◗✱✲✱❢❿✪❧❈✉❢❡❆✇❜✲❍❁❱⑤  t⑤ ✆ ✌❻⑤❽➀❝◆✭❈♥◗❫●✳✲✱✺❅✲✇③t✲❋❴❚✾❀❢✘✲❘❣❚❢❿◆ ✮ ❜✲✷✾✯✪❧❈✔✲ ❄❛✲
❢❸◆ ●✱❹✖◆➏➁
➂
❈✔✲ ❄❛✲ ❄➄❜✲✱✺♦✲✇●❍✺✽✿❂✪✭❈❷✲❋◗❘✺❝●✇✪✭✮❘✮✣✲✇●❍✺♦✲✱❴❵✲✱❈❃✺❺●✇✪✭✮❘✮✳✿❸s✩❜✲❱✲✈✲✱✺❅❢❸◆ ❢⑧✿❸s❧❈✔✲ ❄❛✲✈✰❲◆✭◗✱✲✁✂❊❈❀◆✭❢✚❈✥❆ ✲❋◗❘✺❞✲✱❈❃✺✕➁◆❭●✱❹➃❜✲❻✲
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❄❭◆✭❈q◗❵❢✘✲➂◗✳✿❸s❧❈❀◆✭❢ ❄ ❆✇❜✲❍✺r◆✭❢❿✪❧❈♥❈❀◆❍s✖✲❾◗✳✬✯✮❵●❋❹✖◆✭✮❂st✲ ▲④❄➄❜✲✽❉ ❖◆❏①❱✿➁◗❘✿❂✰✱❢❸✲⑨✲❋❈ ▲✷●✣❪✇❪ ✲❘◗❋✺ ✾❀✮✣✪✳✾✯◆❍s✩❜✲❻✲❚❉❘✬t◗✱❁✱✬❊❆ ◆✭✬✈◗r✾q✲✇●❍✺✽✮❲✲
✂❊❈❀◆✭❢❸⑤✐■❀◆ ✮❘✮ ❜✲❻❁✱✬❃✲❋❈❀●❘✲❶▲ ➇ ✠ ✁ ✕✻❯④❪✈●✳✪✭✮❘✮✣✲❋◗r✾✯✪✭❈✔❄ ❖◆❶❢❸◆ ❄✭✿⑦◗❘✺r◆✭❈❀●❘✲❏◗ ❜✲✷✾q◆✭✮❡◆❧❈❃✺❺❢❿◆▼●❋❹✯◆✭✮✽s✖✲ ❄✭✬❦❴ ❜✲❋❢❸◆✭❈ts✖✲❋✬✯✮
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1b1a 2a 3a2b 3b 4a 4b 5
480
Frequency (GHz)




5−4 6−5 7−6 8−7 9−8 10−9 13−12 14−13 15−14 16−15
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●✈✽▲❡ ❋✡❶✕❡ ❋✡❤▲✻ ✽ ❧✸q❑♦
❆❝❜❈❞
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❾❚❙✡❻ ➌ ❾✈❻ ❼ ❺ ✓❚❯❘✾✡❻ ✓ ❱✲➌ ❲❨❳✺❩















❺P✾✡✾ ➌✡✾ ➌✡❻ ✾❚❯❈❺❑❻ ➌ ✓✡❙ ❲■❪✚❩
➐
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❍❏❴✲✖ Ý✡❺ ❾❚✾ ❾✈❻ ❼❚❯❘✾✡❻ ❾ ❼❚❱ ❲❨❵✺❩





❍❏❴✲✖ Ý✡❺ Ý✡✾ ❺❑❻ ✾❚❯❘✾✡❻ ❙ ❺✿Ý ❲❨❵✺❩
❍❵➒
➋







➎✬✓✽✓ ❺P❖ ➌✡❻ ❾❀❯❘✾✡❻ ❾ ❜ ❲❞❝✟❩





































➎✬✓✽✓ ❾❚✾ ✾✡❻ ❼❚❯❘✾✡❻◆❺ ❺❣❱✾❻ ❼ ❲■❳❀♦✺❩














❍❏❴✲✖ ➌ Ý✡✾ ❺❑❻ ❱✡❯❘✾✡❻ ✓ Ý✡❺ ❲❨❵✺❩













➌ ❾❚✾ ✾✡❻ Ý❚❯❘✾✡❻ ✾❑➌ ❜ ❲❬❪❛t✢❩
❍❵➒
➋





❍❏❴✲✖ ❾ ✓ Ý❑➌ ❺❑❻ ✓❚❯❘✾✡❻◆❺ ❺ ✓ ❲❨❵✺❩





❍❏❴✲✖ ❾ ✓ Ý✡✾ ❺❑❻ ✾❚❯❘✾✡❻ ❙ ❖ ❲❨❵✺❩
❹❦✉





❍❏❴✲✖ ❱✲➌ ✓✡✾ ✓✡❻ ✾❚❯❘✾✡❻ ❙ ✓❚❱ ❲❨❵✺❩















❱❘❾✈❻◆❺ ❺ ✓✡❻ ❱ ✾✡❻◆❺❣❱✡❯❘✾✡❻ ✾❑➌ ✓✡❻ ❼✽✓ ❲❨♦✺❩
❸⑩❹
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  ✁✄✂✆☎✞✝✠✟✁☛✡ ✁ ☞✍✌✏✎✒✑✓✝✔✁
✕ ✖ ✖ ✗✙✘✛✚✢✜✤✣✥✘✧✦✩★ ✪✜ ✫ ✬✍✭ ✚✮✜✯✭




✌ ☞✤✝ ✑ ✎✒✁ ✂
✄
☎
✣✝✆ ✫ ✬✍✭ ✫ ✬ ✚✷✦✸★ ✫ ✬✶★ ✭ ✜✤✣✥✘✧✦✩★ ✭ ✭☛✦✟✞ ✰ ✲✏✬✍✭

























































































































✾❁❀❡❃✫❃P❇✽❊◗❋❀✕▼❄▲❣❭✗▼❄❃✹❂◆▼➆❖❶●❱❀✕❉❫❂❄✽✻●❱❀❹❺❻❭✗❚❨✽➥✼✓❀✕✾❳▲✇❇✽❁✽➆♠✲♣ q✷♣✵r ➙✵s ➵✷t❊q❈✽❁▲✴✽❳❷P❖✷●❨❭✕❃✪❀✕❉✇▲✴❂❄✽❊◗✴●❨❭✗❉◆❅✗❚❨▲✫▼◆❂❄✽❊◗❈❅✗❀✕●❱❀✕✾❳▲✫❚❱➀❙▼❄✽❊◗








































➫✎✞P➯✩❄✾✰✑✏✡✒✔✓➯✖✕✦♠❖✴ ➯✩✳❄➭✡✣✩✳✵❄✞✮❘➫➎➲❨➯❹➲❨➯✕➭✆✪⑩➭✆✳❊✮✇➫✘✗❘➯✕➲❽➯✚✙➍➭✆✪✜✛✜✳✷➫✣✢✡✤ t✦✥ ✞ ❄
✏
➫☞☛❁➫❘★✷➭➣➯✩★✷➭
✮❘➫ ★ ✣✷✴✧✠❘❄❣➫❘✳✚★✱★✫✳◆➯✦✗✇➫✩☛✣☛❘✣✩✴✪✠✧❄✫➫☞☛ ✪✍★✦✫❅❄⑥➯✩❄❨✣✩✳✚✗✇➫
✥







































































































































r ☛ ✉ ✥✜➲➁➲ ✳❂☛➑➭✆❄❣➯✕➭✆✪✆✣✷★ ✮✁  ✳✠★ ✙✬✆❙➯✩✴✟✞ ✥✄✂✆☎ ✏
✓➯ ✵✶✷✚✷✹♠❖✴ ✮✗➯✩★✹☛❥➲❽➯✚❄
✏






✙ ✣✩★✷➭✡✣✩✳✵❄✍☛ ☛✧✣✩★❶➭✠✟✧✳✡✷✚✷✶✷ ✓➯☛✡✌☞✶✷✚✷ ✰✎✍✏✝✒✑✹☛ ❄ ✞P➯✩❄
☞✶✷✶✷ ✥ ✞ ✳✵✪✻☛ ✼ ✷✚✷✚✷ ✓➯ ✵❈✳❂✷✚✷✚✷ ✞P➯✩❄ ✵✶✷✚✷✶✷✍❆❡➳✔✓ ➯



















➫⑤➫ ✓➯❇❆⑦➯✷★✷➭❾➫✧★ ✾ ✌✐✣✷✪❋❄













































































 ✂✁☎✄ ✆✂✝ ✞✠✟☛✡  ✂✁☞✄ ✆✂✝ ✞✠✟☛✡
✌✎✍✑✏✓✒☞✒☎✒✕✔ ✌✎✍✑✏✓✒☞✒☎✒☞✔ ✌✖✍✕✏☎✒☎✒☎✒✕✔ ✌✎✍✑✏✓✒☎✒☞✒☞✔
✞✠✗✙✘
✒✓✚✜✛ ✢☞✣✥✤✦✒✧✛ ✒☎✣ ★✪✩✑✫✭✬✓✮✧✫✭✬☞✩✦✛✯★✥✏ ✰✱✏☎✬✧✫✯★✲✢✧✫✭✏✓✒✳✛ ✴
✞✠✗✙✘
✢☞✒✧✛ ✢✧★✵✤✦✒✧✛✭✏✓✮ ★✲✮✧✫✭✬✓✒✳✫✯★☛✚✳✛ ✴☎✴ ✰✶✒☞✏✧✫ ✏✓✚✳✫✭✏✓✢✧✛ ✚
✞✠✗✙✘








✒✳✛ ✒☞✴ ★✲✮✧✫✭✏✓✒✧✫ ✢✓✚✜✛ ✢☎✚ ✰✸★✲✬✧✫ ✚✦✩✑✫ ✚☞✣✳✛✯★
✞✠✗✙✘
✢☞✒✧✛ ✢☎✣✥✤✦✒✧✛✭✏☞✩ ★✲✮✧✫✭✬✓✒✳✫✯★✲✮✧✛✭✏☞✩ ✰✶✒☞✏✧✫ ✏✧★☎✫✭✏✓✣✧✛ ✣
✞✠✗✙✘




✒✳✛ ✏✕✩ ★✲✮✧✫ ✚☞✴✳✫ ✢☞✣✧✛✭✏✓✴ ✰✶✒✧★☞✫ ✢☞✒✧✫✭✬✓✴✧✛✹✩
✞✠✗✙✘












✒✳✛ ✒☞✒ ★✲✴✧✫✭✏✓✮✳✫ ✚✕✣✧✛ ✴☎✴
✘
★☛✣✧✫ ✚☞✒✳✫ ✬☎✢✧✛ ✚
✞✠✗✙✘




































































































✉ ◆❻➯✩❄❳➭❾➫☞☛✑✗✷❄❣➯✩★ ✮ ✙✩✆❙➯✩✴✟✞ ✣✶✠❁➭❾➫❘★✫✳❂☛❯➯✩✳✚★✝➭
✏
















➫✧❄✫➫✧★✷➭❾➫✩☛ ✙ ✣✩✴✟✞✵✣ ☛❳➯✷★✷➭❾➫☞☛ ✮❘➫ ✌ ✪➟➭❾➫✩☛❃☛❊➫❊➳ ✓✉➫☞☛ ✙ ✣✩★✷➭✡✣✩✳✵❄✍☛ ☛❘✣✩★✷➭ ✾❅✗✇➯✩✳✹✙✩✆P➫ ✓➯
✮✩❄❨✣✩✪⑩➭❾➫ ✥ ✆❙➯✷✳P➭➆➫✧★ ✠✫➯ ☛ ❆ ✟ ☞✸❇✟✞ ☞✒✑✠✞✡☎☞☛✐✴ ☛
✓
☛
✥ ✢✚❇ ✵✸✢ ✑✽✢✌☎✌☛ ✴ ☛
✓
☛
✥ ✵✚✳❈❇✍✞✽✕ ✑✝✼✎☎✌☛ ✴ ☛
✓
☛
✥ ✵❘➳✤☞✸❇✟✞✷➳ ☞✒✑ ✵✗➳ ☞
☎☞☛✐✴ ☛ ✓
☛




➫✩☛✿✠❳➲❨➯✩★ ✙❵✪❋★ ✮✷✪✜✛✜✳◆➫❘★✷➭✭➲❽➯❬➭➣➯✷✪➁➲➟➲❨➫③➫❁➭✭➲❽➯ ✞❊✣ ☛ ✪⑩➭✆✪✆✣✷★ ✮✩✳✑✙✩✆❙➯✩✴✟✞
✣✶✠✩☛❁➫✧❄☞✌
✏
➫➆➯✷✳ ✳✡✷ ❇♦✴❥➳ ✓ ➫✩☛ ✙✯✣✜✣✷❄ ✮❲✣✷★✫★
✏







r➅➩❇✉ ✏✫✪❋✴ ✪➟➲❽➯✷✪❋❄✫➫ ✓➯ ➲❨➯✁ ✝✗❲✳✠❄✫➫ ✳❘➳❅✳ ✞✵✣✷✳✠❄ ➲❱➫☞☛ ✙✬✆❙➯✩✴✟✞✽☛ ✯ ✰✟✲✺✷❈✤❘➳✻✕✱✡✸❇ ✷✕➳✜✷ ✞ ✾ ✆❙➯✩✳❄➭
✥
✳❈❇
✵✚✵✒✑✽✢ ☎✌☛ ✴ ☛ ✓
☛
❆ ✥ ✯ ✰✟✲✴✳✶✵❘➳✂✷✸✳✽✲✺✷✕➳●✢ ✼ ✾✡✴ ✪➟➲ ✪➣➫✧✳ ✥ ✳❈❇ ✵ ☞✒✑✽✢ ☎✌☛ ✴ ☛✯✓
☛
➫❁➭ ✢✶❇ ✵ ✡✒✑✽✢ ☎✌☛✐✴ ☛✯✓
☛
❆➝➫❊➭
✯✱✰✺✲✆☞✶✵✗➳ ✞✎✼✚✲✺✷✕➳✜✷✚✷ ✾ ✠✪➯ ☛
✥
✞❏❇ ✵❈✕ ✑✽✢✁☎☞☛✐✴ ☛ ✓
☛







r ➵ ✉ ✥✜➲➟➲ ✳❂☛❳➭✆❄⑥➯✕➭✆✪ ✣✩★ ✮❘➫❩➲❨➯❆➭❾➫❃✙✩✆②★✕✪✜✛✜✳◆➫ ✮❘➫ ✙ ✣✩❄❅❄❣➫❃✙❊➭✆✪ ✣✩★✽✮✷✳ ✞✸➲❽➯✕➭ ✫❘✣✩❄❅✴ ✪❋★✡✗ ✓➯ ✞P➯✩❄❳➭✆✪❋❄ ✮❘➫✩☛✐➲ ✪ ✗❲★✸➫☞☛
✮❘➫ ✠✫➯✸☛❁➫☞☛✚✣✡✠❁➭❾➫✧★✕✳◆➫✩☛ ☛❅✳✵❄❬➲❨➫ ✠✫➯✷★ ✙ ✮❘➫  ✴➲ ➭✆❄✫➫☞☛❁➳
✁
❖✄✂ ✟ ☛❅✪ ✗❲★❶➯❡➲ ✣✶✠✩☛❁➫❘❄✍✌
✏
➫ ☛❅✳✵❄❬➲✕  ➯✩✳❄➭✡✣✦✙✯✣✷❄ ❄
✏
➫❳➲❨➯✕➭❾➫✧✳✵❄➈➯✍✞ ❄❋✓➫☞☛
☛✧✣✷✳✡☛❳➭✆❄⑥➯✶✙❊➭✆✪ ✣✩★✚✮✁  ✳✵★✸➫②➲ ✪❄✗✷★✸➫ ✮❘➫✖✠✪➯ ☛❁➫ ✮✁  ✣✩❄❨✮✩❄❣➫ ✵ ☛❅✳✵❄✻➭✡✣✩✳❄➭❾➫✻➲❨➯✿✠✫➯✩★☞✮❘➫❊➳ ✓✉➫☞☛①➲ ✪ ✗❲★✸➫☞☛ ✮❘➫✱✠✫➯✸☛❁➫☞☛➥➯☞✞✚✞❶➲ ✪✜✛✜✳
✏
➫⑤➫☞☛






❪☎✂ ✟ ✪ ✮❘➫❘✴ ✞✵✣✩✳✵❄❵➲❱➫ ✠✪➯✩★ ✙ ✮❘➫  ✴➲❽➭✆❄❣➫ ✥ ✓➯ ✳✵★✸➫
❄
✏




❑✆✂ ✟✣☛❁✞❄➫❉✙➍➭✆❄❣➫✩☛ ✣✡✠❁➭❾➫✧★✕✳◆➫✩☛✑➯✍✞ ❄❋✓➫☞☛ ✙✯✣✩❄❅❄❣➫❃✙❊➭✆✪ ✣✩★❭✮✇➫☞☛③➲ ✪ ✗❲★✸➫☞☛
✮❘➫ ✠✫➯✸☛❁➫☞☛ ✮✗➯✩★✹☛✧✙✬✆❙➯✚✛✜✳◆➫✿☛✧✣✷✳✡☛ ✠✪➯✩★ ✮❘➫✐➯✸✌✕➫❉✙❩➫❁➭ ☛❁➯✩★❏☛➆➲❨➫ ✠✫➯✩★ ✙◗✮✇➫  ✴➲❽➭✆❄✫➫ ❄✫➫☞☛❁✞❄➫❉✙➍➭✆✪❅✌✕➫✧✴③➫✧★❶➭➣➳
✁✞✝

































































































































✏✓✣✳✛ ✏ ✒✧✛ ✣✕✩ ✒✳✛ ✬☎✒ ✎✑✏✓✒✑✒ ✒✳✛ ✚✕✮
✢☞✒ ✒✧✛✹✩☎✩ ✒✳✛ ✬✕✩ ★☎✛ ✒☞✏ ✒✳✛ ✚✕✴
✚✕✣ ✎✔✏✕✒✔✒ ✒✳✛✭✩✪✚ ★☎✛ ✒☎✣ ✒✳✛ ✬☎✒
✣☞✒ ★☎✛ ✒✓✚ ✒✳✛✭✩☞✩ ★☎✛✷★☛✒ ✒✳✛ ✬☞✏
✴☞✒ ★☎✛ ✒☞✬ ✒✳✛✭✩✓✮ ★☎✛✭✏✓✒ ✒✳✛ ✬✕✩
★✥✏✓✒ ★☎✛ ✒☞✬ ✒✳✛✭✩✓✮ ★☎✛ ✢☞✏ ✒✳✛ ✣☞✢
★✥✬✓✒ ★☎✛ ✒☎✣ ✒✳✛✭✩✓✴ ★☎✛ ✚☎✚ ✒✳✛ ✣☞✴
★✲✮☎✒ ★☎✛ ✒✕✩ ✒✳✛✭✩✓✴ ★☎✛✭✬✪✚ ✒✳✛✭✩✓✢
✏✓✚☞✒ ★☎✛ ✒☎✮ ✒✳✛ ✮☞✒ ★☎✛ ✣☎✮ ✒✳✛ ✮☞✒
✣☞✒☎✒ ★☎✛✷★❆✚ ✒✳✛ ✮☎✚ ★☎✛ ✴☎✒ ✒✳✛ ✴☞✒
★☎★✲✒☎✒ ★☎✛✷★☛✮ ✒✳✛ ✮✑✩ ✏✦✛✷★☛✒ ✎✑✏✓✒✑✒






➫ ✣✩❄ ✪ ✛❘✳✷➫ ☛❅✳✵❄✁✳✵★✸➫ ✙✯✣✩★✽✌❡➫✧❄✍☛ ✪ ✣✩★❧➫❘★◗✻☛✡✌☞ ✣✩✳❉✻❵❤
❥
➯✩✳ ✳✡✷ ❇♦✴ ✮✇➫➂➲✕  ✥✄✂✆☎ ✰ ✞✵✣✩✳✵❄


























































































❂◆▼ ✸✚➸➉♣❄♥➃➢ ✽❁▲✤❂❄✽❆●❏■➅♦ ♥②➢❹♥ ❃✪✽❊◗❣❖✲✽❊✾❳▲✫❚❨✈✕✽❊❪❫✽❊❉✇▲❁r

































































































































































➫➍➫✩☛ ☎ ✖ ✏✵✰ ☎ ✞✵✣✩✳✵❄
✯✱✰ ☞✚✵✗➳ ✞ ✼✚✲✺✷✕➳✜✷✚✷ ✾ ✆❙➯✩✳❄➭ ❆❿➫❁➭ ✯✱✰☎✳✡✷✕➳✻✢✶✳❈❇❉✷✕➳●✢❍✷ ✾ ✠✪➯ ☛❁❆✕➳✁  ❖ ✂
✝
❳❏❑ ✟ ✆②✪❅☛➑➭✡✣❃✗✷❄❣➯✩✴ ✴❥➫✩☛ ✮❘➫❩➲❨➯ ✮✩✪❅☛➑➭✆❄❅✪ ✠❘✳❄➭✆✪✆✣✩★
✮✩✳ ✫❁➯✚✙❊➭❾➫❘✳✠❄❵✮✁  ✪❋★❶➭❾➫✧❄☞❇
✏
➫❊➭➣➯❡➲P✣✷★✫★❶➯✦✗❙➫ ✫ ✾ ✌✩✣✩✪❋❄➆➭❾➫❉★❘➭❾➫ ❆✕➳ ✓✉➫❫➭✆❄❣➯✩✪➟➭ ✞✵✣✩✪✍★✷➭✆✪➁➲➟➲
✏
➫❵✪✍★ ✮✩✪ ✛❘✳✷➫➂➲❨➯ ✌❞➯✕➲❨➫❘✳✠❄➆➭✂✆
✏
➫ ✣✩❄ ✪ ✛❘✳✷➫










✾❑➭✆❄⑥➯✷✪➟➭  ❯★ ✥ ✆❙➯✚✙✬✆②✳✵❄❣➫✩☛ ✌❡➫❘❄❃☛❵➲❨➯ ✮✩❄❨✣✩✪⑩➭❾➫ ❆❜➫❊➭ ✫
✎
☛ ✾❾➭✆❄❣➯✩✪⑩➭ ✗✷❄❣➯ ☛ ✥ ✆❙➯✚✙✬✆②✳✵❄❣➫✩☛ ✌✕➫✧❄✍☛❵➲❽➯
✗❘➯✷✳❏✙✬✆P➫ ❆✕➳❋✯❍➯✷★❏☛➉➭✡✣✩✳❂☛✱➲❱➫☞☛ ✙✪➯ ☛
✥







✙✯✣✷❄ ❄✫➫☞☛❁✞✵✣✩★ ✮✗➯✷★✷➭➥➯✩✳✚★ ✕✡✷✆☎ ✮❘➫❍➲✄ 
✏
➫✦✙✩✆P➯✩★✷➭✆✪➟➲➁➲❈✣✩★❿➯✩✳❄➭✡✣✩✳✵❄✱✮✇➫ ✙➑➫❳➲➟➲❨➫✬❇ ✙✜✪⑩➳✞✝ ▲✕❚❲❙✖◗☎❑ ✟ ✂ ★✇➫✧✴✟✞❶➲❱➫☞☛✤✮✇➫■☛ ✞❄➫❃✙❊➭✆❄✫➫☞☛
➯✩✳ ✙✜➫❘★✷➭✆❄✫➫✇✮❘➫❹➲❨➯✿✙✪➯✷❄➑➭❾➫ ✥✄✂✆☎ ✰ ✟ ☛❁✞❄➫❉✙➍➭✆❄❣➫ ✙✯✣✩❄❅❄❅✪ ✗
✏













✾❑➭✆❄⑥➯✩✪⑩➭ ✞❶➲❨➫❘✪❋★ ✗❲❄⑥➯ ☛ ❆❡➳✁✓✉➫☞☛❡✮❘➫✧✳✚★































































































































❖✲❭✗▼❄❃✴❂❄✽❊◗✴✾❳❭✗▼◆✈✕✽❁❃✫▲✫▼❄❃✫✽❊◗❻❖❶●❱▼◆◗⑨❖✲✽❁▲✫❚❨▲❣✽❊◗❁❼✕✽❁▲❻✽❊❉❫❖❶❀❡❃✫▲✫❚❱✾❁▼◆●❱❚❱✽❁❃✻❤❀✚◗❊■❲❀✕◗✫◗✫▼❄❃✫✽❁❃✭❂❄✽✻✾❳❭✗▼❄✈❙❃✪❚❨❃✴❂❄✽❊◗❻⑧❁❭✗❉◆✽❊◗②➯ ✞ ❄ ✪ ✣✩❄❅✪
◗✫❀✕❉◆◗➈❇✽❊❪❥❚❱◗✫◗✫❚❱❭✗❉✶❼✶✾❳❭✗❉◆❂◆❚❨▲✫❚❨❭✗❉t✽❊◗✫◗✫✽❊❉❘▲✫❚❨✽❊●❛●❨✽➃❤❀❬●❱❀❩➓✲❭✗❉◆❉❄✽➆❃✫✽❊✾❳❭✗❉◆◗✫▲❣❃✪▼◆✾❳▲✫❚❨❭✗❉✿❂◆▼✿❉✷❚❨✈✕✽❊❀✕▼✿⑧❁✽❁❃✫❭✤❂◆✽❥◗✫❚❨❅✗❉◆❀✕▼P❷
❪❫✽❊◗✫▼◆❃❙❇✽❊◗✻✽❊❉❵❂◆❚❨➌②❇✽❁❃✫✽❊❉✇▲✫❚❨✽❊●❏r









































✩✦✵✴✵✶✸✷✧✶✺✹✼✻✽✫ ✜✤✒✾✖ ✥✧✦ ✓ ✥ ✛✿✓✑❀
✔❁✘✤✣❂✯ ✦ ✓ ✥❃✦❅❄ ✜ ✥ ✒✾✏★✘✚✔✗✛✗✜✚✣ ✥✧✦
❆❂❇✲❈❉❈
✳










❘❚❙❯❲❱❨❳❬❩●❭✟❪❁❫❵❴❜❛✧❝✚❳✼❞✑❩●❳❢❡❣❳❅❪✺❤❥✐☎❞✡❦❳❬❧❃❯❣❳❬❛❣♠✕❳♥❩●♦P❤✤❭♣❴❜❤✚❪❜❳✚q❃rts❁❱❂✉✂♠ ❘ ❞♣❞✈❳❬❩●♦ ❘ ❛❣❡ ❙❤✇❪✺❤①❭●❞✑❤✚❛❣❩●✐ ❘ ❞✈②③❦❳✼❳♥❡✭❳❅④ ❘ ❯✭❞✈❴★❳✼❞✟❡P❯








































❛❣❳➏❤✚❪★❭●❳✼❞✑❛❣❤✤❭♣❴★❝✚❳❻♠ ❘ ❛❣❩♣❴❜❩♣❭●❳ ❙❤✍❞♣❳❬♠ ❘ ❛❣❩●❭●❞✑❯❣❴★❞♣❳➏❪✢❫❵❴❜❛✭✐ ❘ ❞✈②⑥❤✤❭♣❴ ❘ ❛➓②⑥❤✚❛❣❧✡❯❣❤✚❛✧❭●❳ ❙❤➔❪✢❫❵❤✚❴❜❡✭❳➏❡✭❳❹♠ ❘ ❯❣❝✚❳✼❞♣❭♣❯✭❞♣❳❬❩











































❼ ❘ ❴❜❩♣❴★❞❥❯P❛✭❳➏❩✡❦❳✼♦❂❤✤❞✈❤✤❭♣❴ ❘ ❛➡♠ ❘ ② ⑤ ❪❜❤✚❛❃❭①♦P❤✤❞✈✐☎❤✚❴★❭●❳❬②⑥❳❬❛✧❭✸❪★❳➏♦❣❞♣❳❬②⑥❴❜❳✼❞❥➦❂❦❳✼❞ ❘ ❡✭❳❨❪❜❤✍♦P❪❜❯❣❩❥♦⑦❳✼❭♣❴❜❭●❳























② ❘ ❡❣❯❣❪❜❤✤❭♣❴ ❘ ❛ ❙❤❨♠✼❤✚❯❣❩●❳⑧❡✭❳❬❩❅❪❜❴❜②⑥❴★❭♣❤✤❭♣❴ ❘ ❛❣❩➁❴❜❛❃❭●❞✈❴❜❛P❩ ❙❳❬❧❃❯✭❳❬❩➂❤✚❯➔❩●➩✡❩♣❭ ❙❳❬②⑥❳⑥❡✭❳①❩●❳❬♠ ❘ ❛P❡❣❤✚❴★❞♣❳✇❝✡❴ ⑤ ❞✈❤✚❛❃❭➁❳✼❭➌❤✚❯✾➍
❦❳❬♠✈❼✭❳❬❪✺❪★❳❬❩❅❡✭❳①❝✤❤✤❞✈❴❜❤✤❭♣❴ ❘ ❛❣❩➂❤✤❭♣② ❘ ❩●♦P❼✂❦❳✼❞✈❴❜❧✡❯✭❳❬❩
✠⑦➫
❡✝❦❳❬❤✚❪★❳❬②✸❳❬❛❃❭✼qt♠✕❳✼❭●❭●❳⑥♠ ❘ ② ⑤ ❴❜❛P❤✚❴❜❩ ❘ ❛➞❡ ❘ ❴★❭❥➨❳✼❭●❞♣❳✸❤✚❡❣❤✤♦P❭❃❦❳✼❳ ❙❤




❛➉❝ ❘ ❴❜❭➧❡❣❳➂♦P❪✺❯❣❩➇❧✡❯✭❳❢❭ ❘ ❯✭❭ ⑤ ❞✈❯❣❴★❭
➀
❤✚❯❣❩♣❩♣❴❜❳❬❛






























❤✚❪★❳❬②⑥❳❬❛✧❭❥❤✚❩✈❩ ❘ ♠✼❴✲❦❳✼❳❬❩ ❙❤➏❯P❛✭❳✇❡P❴★❞♣❳❬♠✕❭♣❴ ❘ ❛✍♦❣❞✾❦❳✼✐❬❦❳✼❞✈❳❬❛✧❭♣❴★❳❬❪✺❪★❳❸s✗♠✕✐➧❺
✠➳✞
❺✰✉✑q
❴❜❪➜❳❬❩●❭➂♦ ❘ ❩♣❩✈❴ ⑤ ❪★❳♥❡❚❫❵❤✤♦P♦P❪❜❴❜❧✡❯✭❳✼❞➁❪★❳❬❩➂♦❣❞✈❴✺❛❣♠✼❴★♦t❳❬❩✟❴❜❛❃❭●❞ ❘ ❡❣❯❣❴★❭♣❩➃♦P❞✡❦❳❬♠P❦❳❬❡❣❳❬②⑥②✸❳❬❛❃❭➌♦ ❘ ❯❣❞➂❪❜❤➏♠✼❤✤❞♣❭ ❘
➀
❞✈❤✤♦P❼P❴★❳①❳❬❛













































❘ ❭ ❘ ❛❣❩❅❧✡❯✭❳①❪❜❳❥❭●❳❬②✸♦P❩❢❡❚❫ ❘✚⑤ ❩♣❳✼❞♣❝❍❤✤❭♣❴ ❘ ❛✍❩♣❯❣♦❣♦P❪✲❦❳❬②✸❳❬❛❃❭♣❤✚❴★❞♣❳✇❴❜②✸♦P❪❜❴✺❧❃❯✂❦❳➌♦P❤✤❞❅❪❜❤❹❛✝❦❳❬♠✕❳❬❩♣❩♣❴★❭✡❦❳
❡✭❳✂❞✡❦❳❬❤✚❪❜❴❜❩●❳✼❞✪❤✚❯①② ❘ ❴❜❛❣❩➋↕❅♠ ❘ ❯✭❝✚❳✼❞♣❭♣❯❣❞♣❳❬❩✂s✢❺➂❡❣❴❜❩♣❭♣❤✚❛❣♠✕❳❬❩➜❡❣❳✝② ❘ ❡❣❯❣❪❜❤✤❭♣❴ ❘ ❛❚q✵❡✭❳❬❯✾➍❥❡P❴★❞♣❳❬♠✕❭♣❴ ❘ ❛❣❩❾❡✭❳ ⑤ ❤✚❪❜❤❬➩✰❤
➀
❳➅✉
♦t❳❬❯✭❭❥➨❳✼❭●❞♣❳✇♠ ❘ ②✸♦t❳❬❛❣❩❃❦❳✼❳①♦❂❤✤❞➂❪✢❫❵❤✤♦❣♦❂❪❜❴❜♠✼❤✤❭♣❴ ❘ ❛❻❡❣❯❲❩♣♠✈❼✂❦❳❬②⑥❤①➘
✘❍✓✲✔✗❀ ❄ ✘ ✫✰✫ ✛☎✣❃❊
❘➋❙❯✍♠✈❼❣❤✚❧✡❯✭❳①♠✼❤✤❞✈❭●❳❥♦t❳❬❯✭❭❥➨❳✼❭●❞♣❳
❘✚⑤ ❭●❳❬❛✡❯✭❳➌❤✚❯➏② ❘ ❴❜❛❣❩✝↕➋➴③♦❂❪❜❯❣❩✝❝✡❴★❭●❳✚q✾❪★❳ ⑤ ❞✈❯❣❴❜❭
❿























































































































✌✎✢✾✽ ✏☎✔ ✒✧✛ ✢☎✮ ✒✳✛ ✬☎✒ ✮✑✩ ✢☞✏ ✒✧✛ ✮☎✒ ✴✧✛ ✚❀✿ ✒✳✛ ✢ ✒✳✛ ✒☞✮✪✰✶✒✧✛ ✢
✢✓✚✜★☛✮☞✢✧✛ ✚ ✹✼✭❁✻❂✹❃✹✼✭ ✌✖✏☞❄③✰✸★✤❄☛✔ ✒✧✛ ✢☎✮ ✒✳✛ ✬☎✒ ✮✑✩ ✏☎✬ ✒✧✛ ✮☎✒ ★✲✬✧✛ ✚❅✿ ✒✧✛ ✢ ✒✳✛ ✒☞✮✪✰✶✒✧✛ ✢
✢☎✣☞✢☎✴✕✏✦✛ ✢ ✭✺✹✼✻
 




✌✖✬❇✽ ✚✕✔ ✒✧✛✭✏☎✬ ✒✳✛ ✢☞✢ ✮☞✒ ✏✦★ ✒✧✛ ✚☞✣ ✏✪✚✜✛ ✢❀✿ ★☎✛✭✬ ✒✳✛ ✚☎✰ ✒✳✛ ✬
✺✼✻❏✽
✄ ✒❙r ✒ ✉ ❈✻➯✩❄❣➯✩✴ ✓➫❁➭✆❄✫➫☞☛❜✮✁ 
✏
➫❁➭➣➯❡➲❈✣✩★✫★❶➯ ✗✇➫ ✮❘➫✩☛ ✣✶✠✩☛❁➫✧❄☞✌❞➯✗➭✆✪✆✣✩★✹☛➼➯✩✳ ✵✡✷✚✷ ❇♦✴❫➳✛☎ ✳✚★ ✞❶➲ ✳❂☛ ✆P➯✩✳❄➭❾➫☞☛
✫ ❄
✏
➫✦✛✜✳✷➫✧★ ✙➑➫☞☛ ✥ ☛❊➫✧✳P➲❨➫ ✳✵★✸➫✱✫❅❄⑥➯✶✙❊➭✆✪ ✣✩★✽✮✷✳ ❄
✏





➫❁➭❾➫❃✙❊➭❾➫❘✳✠❄✍☛❳➳✧✓✉➫☞☛➆➲❽➯✷❄✜✗❙➫✧✳✵❄❃☛❉✮✇➫❫➲❈✣✶✠✪➫✖✞ ❄❅✪✍★ ✙❘✪ ✞P➯❡➲ ✓➯ ✴ ✪❅❇ ✆❙➯✩✳❄➭❾➫✧✳✵❄ ✥ ➯✩✪❋★✹☛ ✪✺✛❘✳✷➫❫➲❨➫✩☛✱❄✫➫✧★ ✮✇➫✧✴③➫✧★✷➭✂☛❉✮✇➫ ☛❅✳✠❄☞❇
✫❳➯✶✙✜➫■☛✧✣✷★✷➭✞✮❲✣✩★✫★
✏
























































































































































 ❧✄✂✁☎✄ ✒❙r ➨❉✉ ✂ ★✇➫❘✴✺✞✸➲❨➫◗✮❘➫▼✴③➫☞☛❅✳✠❄✫➫☞☛▼✮✁ 
✏







➫ ✛❘✳✷➫✧★ ✙✜➫☞☛ ✮✗➯✩★❏☛➆➲❨➫✩☛❡❄❣➯✩✪❏➫✩☛ ✮❘➫❵❄❣➫❃✙✯✣✩✴✪✠❘✪❋★❶➯✷✪✻☛❘✣✩★ ✮✇➫➆➲✄  ✆ ✝❲✮✩❄❨✣❉✗☎✓➫✧★✸➫ ✾❦✣✶✠✩☛❁➫❘❄✍✌❡➯✕➭✆✪✆✣✷★❏☛❵✮✇➫❡❆✁ ✇◆ ✼ ✷ ✢✽✼ ❆✕➳
✗ ❖ ✂✙◗ ✟✽✮❊➫✧✳✒✮✇➫ ✮❲✣✩★✕★
✏
➫➍➫✩☛ ✙✯✣✷✴✺✞✸➲❨➫❊➭ ✮❘➫☞☛✱✴③➫☞☛ ✳✵❄✫➫☞☛❵✮❘➫❇❉❧✳✚★✤➯✩✳✪✞ ✪ ✙ ✞✵✣✩✳✵❄➂➲❨➫✩☛✿✠✪➯❡➲❽➯ ✝✕➯ ✗✇➫☞☛③➫✧★❿➯ ✬✧✪✍✴✱✳❄➭✂✆




➫✬✌❞➯✕➭✆✪ ✣✩★ ✾ ❄ ✣✷★ ✮ ☛ ✌ ✪ ✮❘➫☞☛ ❆❡➳ ❈ ✣✩✳✵❄ ✪➟➲➟➲ ✳❂☛➑➭✆❄❣➯✕➭✆✪ ✣✩★ ✥ ✣✩★ ➭✆❄❣➯✚✙➑➫✿➲❨➯ ✙✯✣✷✳✠❄✦✠✪➫ ✮❘➫ ✗✇➯✩✪❋★
★ ✣✩❄❅✴❥➯❡➲ ✪✻☛
✏
➫➍➫❍➯✩✳❩❉❧✳✚★➆➲❱➫ ✞❶➲ ✳✡☛ ✪❋★❶➭❾➫✧★❏☛❊➫❊➳✄✂ ❖❘■ ✟✓➯ ✮❅✳❂☛➑➭❾➫✧✴③➫❘★✷➭❯✮❘➫✱➲✄ 
✏













➫✬✌❞➯✕➭✆✪ ✣✩★ ✾❾➭✆❄❣➯✩✪⑩➭ ✆❙➯✚✙✬✆②✳✵❄
✏
➫ ❆❡➳





























✼s❭✕❅✶♠✞✝✷q ♠ ✂✗➔ ✔✟✝❩✽❊❉✤♥➃➤②⑧⑤q ♠✓✒❙r ❣✗q
➢ ✾❳✽❁▲❣▲❣✽✑✈❡❀✕●❨✽❊▼❄❃➍❼✸❭✗❉➺❂❄❭✗❚❨▲➉❀❡❖◆❖❶●❱❚❱➀❙▼❄✽❁❃✚▼◆❉❄✽❥✾❳❭✕❃✫❃✫✽❊✾❳▲✫❚❱❭✗❉❿❀✕❉◆❉❙▼❄✽❊●❱●❨✽❧❇✽❊➀❙▼◆❚❨✈❡❀✕●❨✽❊❉✇▲❣✽t❤❀❵▼◆❉❄✽❫❂◆❚❛❪❥❚❱❉❙▼◆❀❡▲✫❚❨❭✗❉



































 ❧✄✂✁☎✄ ✒❙r ↔❵✉ ◆✝✆❙➯✩✴✟✞✑✯✱✰✟✲✺✷❈✤✗➳❅✕✱✡ ❇❉✷✕➳✂✷ ✞✷➳✦✗ ❖ ✂✾◗ ✟❀✪✍✴❫➯ ✗✇➫✿✙ ✣✩✴✟✞✵✣ ☛ ✪⑩➭❾➫ ✮✇➫➂➲✕ 
✏
➫✧✴ ✪❅☛❃☛❅✪✆✣✩★✚✥✍✏ ✖  ✧☎ ✓ ✮❘➯✩★❏☛
















































➫➍➫ ✞P➯✩❄✤✳✵★ ✙✜➯❲✮✩❄✫➫✿✠❳➲❨➯✩★ ✙✺✞✵✣✩✪✍★✷➭✆✪➟➲➁➲
✏








➙ ✉ ◆✝✆❙➯✷✴✺✞ ✯ ✰✟✲✺✷❈✤❘➳✻✕✱✡✸❇ ✷✕➳✜✷ ✞ ✾ ☛ ✳✵✪⑩➭❾➫ ❆✧✟ ✵✶✷✸❇☞✼ ✷✒✑ ✵✶✷✾✴ ✍✱✝✒✑ ✵✚✵ ❤ ❤ ✠✜➫✫➯✩✴ ✾ ✙✯✣✩★✷➭✆✪✍★✫✳✵✳✵✴











































✉ ✏✫✪✍✴ ✪➁➲❨➯✩✪✍❄❣➫ ✓➯✤➲❨➯  ✝✗❲✳✵❄❣➫✪✳❘➳✂✤✿✞❊✣✩✳✵❄❫➲❨➫ ✙✩✆P➯✩✴✟✞ ✯✱✰✟✲ ✵✌☞✗➳✜✷ ☞❏✲✺✷✗➳✂✷❈✤❘➳❡◆❖✣✩★✷➭✡✣✷✳✠❄✍☛ ✟✏✞❏❇ ✵ ✞ ✑✽✢


































☛✞✉ ◆✝✆❙➯✷✴✺✞ ✯✱✰✟✲ ✵✌☞✗➳✜✷ ☞❏✲✺✷✕➳✜✷❈✤ ✾ ☛❅✳✠✪⑩➭❾➫ ❆✕➳ ✵✌☞✸❇✄☞✶✷ ✑ ✵✶✷✾✴ ✍✏✝ ✑ ✵✚✵
❤ ❤
✠✪➫✪➯✩✴ ✾ ✙ ✣✩★✷➭✆✪✍★✫✳✵✳✵✴ ✵✗➳✻✢✾✴ ✴ ❆
✥



















✒ ✉ ✏✫✪✍✴ ✪➁➲❨➯✩✪✍❄❣➫ ✓➯ ➲❽➯  ✝✗❲✳✵❄❣➫ ✳❘➳✂✤ ✞❊✣✩✳✵❄❆➲❨➫ ✙✬✆❙➯✩✴✟✞ ✯ ✰✟✲✺✷ ✞❶➳✻✳✱✡✸❇ ✷✕➳✜✷✌✡✕➳ ✓ ➫✩☛ ★✕✪❅✌✕➫✫➯✩✳✚★ ✮❘➫
































































➵❵✉ ✏✫✪✍✴ ✪➁➲❨➯✩✪✍❄❣➫ ✓➯✐➲❽➯   ✗✷✳✵❄❣➫✿✳❘➳❅✤ ✞✵✣✩✳✵❄❍➲❱➫✿✙✬✆❙➯✩✴✟✞✑✯✱✰✟✲ ✵❈✕❘➳ ✼ ✤✸❇❉✷✕➳✂✷❈✳❘➳✝◆❖✣✩★✷➭✡✣✩✳✵❄✍☛✁✟ ✕❈❇ ✵ ✞ ✑ ✵✗➳ ☞







































































































① ✉ ✏✫✪✍✴✱✪➟➲❨➯✩✪❋❄✫➫ ✓➯❍➲❨➯  ✝✗✷✳✵❄✫➫ ✳❘➳❅✤✺✞❊✣✩✳✵❄②➲❱➫✱✙✩✆❙➯✩✴✟✞ ✯✱✰✟✲✴✳✡✷✕➳❅✳✱✡❍✲✺✷✕➳✂✵✚✵ ✥ ✞ ❄✫➫✧✴ ✪❈✓➫✧❄✫➫ ✙✯✣✷✴✺✞❊✣ ☛❳➯✩★❶➭❾➫
✾ ✤ ✞✹❇ ✤❈✕ ☛✐✴ ☛ ✓
☛
























q❁❆ ✥ ✷✕➳ ☞✸❇ ✢ ✑ ✷✕➳ ☞




✔ ◆✗✖   ♠
✔✆✘









➨ ✉ ◆✝✆❙➯✩✴✟✞ ✯✱✰✟✲✴✳✡✷✕➳❅✳✱✡❍✲✺✷✗➳❅✵✚✵ ✾❦✮❘➫❘✳❈★❲✪❈✓➫❘✴③➫ ✙✯✣✩✴✟✞✵✣ ☛❁➯✩★✷➭❾➫ ✥ ✵✚✵✡✷ ❇ ✵✶✵ ✞ ☛ ✴ ☛
✓
☛

































































➙❘q❁❆ ➫❁➭✑✵✗➳ ☞✸❇ ✡✕➳ ☞✒✑ ✵









 ❧✄✂✁☎✄ ✒❙r ☛❡➙ ✉ ◆✝✆❙➯✩✴✟✞ ✯✱✰✟✲✴✳✡✷✕➳✻✢✶✳❈❇❉✷✕➳✻✢❂✷ ✾ ☛❅✳✠✪⑩➭❾➫ ❆✕➳ ✵✶✷ ❇ ✵❈✕✡✷ ✑ ✵✡✷■✴ ✍✏✝✒✑ ✵✚✵ ❤ ❤ ✠✜➫✫➯✩✴ ✾ ✙✯✣✷★✷➭✆✪❋★✕✳✠✳✵✴ ✥






















✔ ✔ ✘ ✔

































ISOGAL 7 and 15 microns
 ❧✄✂✁☎✄ ✒❙r ☛
✔
✉ ✏✫✪✍✴ ✪➁➲❨➯✩✪✍❄❣➫ ✓➯➂➲❽➯  ✝✗❲✳✵❄❣➫ ✳❘➳✂✤✺✞✵✣✩✳✵❄➥➲❨➫✖✙✬✆❙➯✩✴✟✞ ✯✱✰✟✲✴✳✶✵✗➳✜✷✸✳✹✲✺✷✕➳✻✢✽✼✪✾❄✞ ❄✫➫✧✴ ✪❈✓➫❘❄❣➫✱✌ ✪⑩➭❾➫☞☛❃☛❊➫ ✥ ✼ ☞✸❇
✕✶✵ ☛ ✴ ☛ ✓
☛

















































































 ❧✄✂✁☎✄ ✒❙r ☛ ✒❉✉ ✏✫✪✍✴ ✪➁➲❨➯✩✪✍❄❣➫ ✓➯✤➲❨➯  ✝✗❲✳✵❄❣➫✪✳❘➳✂✤✿✞❊✣✩✳✵❄❫➲❨➫ ✙✩✆P➯✩✴✟✞ ✯✱✰✟✲✆☞✚✵✗➳ ✞ ✼✚✲✺✷✗➳✂✷✚✷✗➳❡◆❖✣✩★✷➭✡✣✷✳✠❄✍☛ ✟✣✳❈❇ ✵❈✢ ✑ ✳



























q❁❆❩➫❊➭☎✵✶✷ ❇✟✞ ✷ ✑ ✵✶✷✾✴ ✍✏✝✒✑ ✵✚✵
❤ ❤
✠✜➫✫➯✩✴ ✾ ✙ ✣✩★✷➭✆✪✍★✫✳✵✳✠✴ ✵✗➳✻✢✾✴ ✴ ❆❡➳
✔
➩❘➨













































➵ ♠s❪ ❂✶■❑❇✽❁▲❣❭✗❚❱●❨✽❊◗❫❭✗▼❯❂✶■❲❀✕❪③❀✕◗❫❂✶■❑❇✽❁▲❣❭✗❚❱●❨✽❊◗❫✽❊❉❄➊➟❭✗▼◆❚❨✽❊◗➆❂❋❇✽❁▲❣✽❊✾❳▲❙❇✽❊◗✑❖✷❀❡❃❫♦❣♣✷➸ ♠➟✈✕❭✗❚❱❃❫❖✷❀❡❃➆✽❳❷❙✽❊❪❫❖❶●❨✽























































































 ❧✄✂✁☎✄ ✒❙r ☛❞➩✚✉ ❈ ✣ ☛ ✪⑩➭✆✪✆✣✷★ ✮❘➫☞☛▼★✕✳❄➯ ✗✇➫☞☛✪☛✧✣✩✴✪✠✧❄✫➫☞☛ ✥✍✏ ✖  ✧☎ ✓ ☛ ✳✵❄▼✳✵★✸➫◗✪✍✴❥➯✦✗✇➫ ✮✩✳ ✞✸➲❽➯✩★ ✗✇➯❡➲❨➯✚✙❊➭✆✪ ✛❘✳✷➫ ✓➯
✕❡♠❖✴❇✣✶✠❁➭❾➫❘★✫✳✷➫✴✞P➯✩❄✝✰✑✏✡✒➜➫✧★❶➭✆❄❣➫❍➲❱➫☞☛➉➲❨➯✕➭❏➭✆✪⑩➭✆✳❊✮✇➫☞☛ ✷❩➫❁➭ ☞✌☞ ✮❘➫❁✗✷❄
✏
➫☞☛❳➳
 ❧✄✂✁☎✄ ✒❙r ☛✕➵❧✉   ❖ ✂
✝
❳❏❑ ✟ ❈ ✣ ☛ ✪⑩➭✆✪✆✣✷★▼✮❘➫☞☛❧★✫✳◆➯✦✗✇➫✩☛✘☛✧✣✩✴✪✠❘❄❣➫✩☛ ✾❦✮❘➯✩★❏☛✭➲✄  ✪❋★✦✫❅❄❣➯✩❄ ✣✷✳❈✗❙➫ ❆✁✮❘➫❋➲✄ 
✏
➫ ✙✩✆❙➯✷★✷➭✆✪➁➲➟➲❈✣✩★✫★❶➯✦✗❙➫
✥✍✏ ✖  ✧☎ ✓ ✣✡✠☞☛❁➫❘❄✍✌
✏







✢✚✢❂✷ ☛ ✴ ☛ ✓
☛
✥









☞✗➳❅✕ ☛❉✞❏✙➍➳ ✝ ▲☞❚❜❙✎◗☞❑ ✟✄✂✵✳✷➫❵✮✁  ➯✩❄❳➭✆✪✻☛❳➭❾➫▼✮✩✳ ✞❶➲❨➯✩★ ✮❘➫➆➲❨➯☎✂✫✣✩✪➣➫ ✓ ➯✚✙❊➭
✏
➫⑤➫ ✥ ❄❣➫ ✞ ❄
✏
➫✩☛❁➫❘★✷➭➣➯✩★✷➭②➲❨➫✩☛ ✞ ❄❅✪❋★ ✙❘✪ ✞P➯✩✳✚★
✠✧❄❣➯ ☛✱☛ ✞ ✪✍❄❣➯✩✳✚★❘➳✁✓s➯ ✙✪➯②✮✩❄❣➫ ✆❙➯✶✙✩✆②✳✵❄
✏
➫ ✠❁➲❽➯✷★ ✙✁❄✫➫ ✞☞❄
✏
➫✩☛❁➫✧★❶➭❾➫➉➲❨➯✤✬ ✣✩★✸➫✤✮✩✳ ✮✩✪❏➯✦✗✷❄❣➯✩✴ ✴③➫ ✮❘➫✟✗❘➯✩✳✹✙✩✆❄➫✧✾♦✮✁  ➯☞✞ ❄❋✓➫✩☛
✏❶➳✇❃ ✣ ✣ ☛✜➲❱➫ ✝
✥















 ❧✄✂✁☎✄ ✒❙r ☛✷❣ ✉   ❖ ✂
✝



















➫✚➫✧★❶➭✆❄❣➫✖✢❂✷❘t✩r  ❀r ✡✚✷✜t✗➫❁➭❯♣ q✷♣✵r
✔
t❡➳ ✓✉➫☞☛ ✴③➫☞☛❅✳✵❄❣➫✩☛✺☛✧✣✷★✷➭✼✴❵✣ ✝✗➫❘★✫★
✏
➫⑤➫☞☛✘✞❄➯✩❄✘✞❄➯ ☛✝✮❘➫■✷✕➳✤☞
☛❉✞❏✙➍➳❯✛ ❙✄✂ ❙✖❑ ✂ ❑✳◗ ❪❭▲✕❚❲❙✖◗☎❑ ✟❧❄
✏

















➫➍➫✩☛ ✪✍★ ✮✩✪ ✛❘✳✷➫❘★✷➭❈➲❨➫✩☛✘✞✵✣ ☛❅✪➟➭✆✪ ✣✩★❏☛➉➯✍✞✚✞☞❄ ✣✦★❲✪❋✴❥➯✕➭✆✪✂✌❡➫✩☛✤✮❘➫☞☛ ✠✧❄❣➯ ☛✝✮✷✳ ✏ ✙❘✳❄➭✆✳✵✴ ✾✂✗❘➯✩✳✹✙✩✆❄➫ ❆❫➫❊➭❖✮✩✳
✏❶➯✦✗❲✪➟➭❏➭➣➯✷✪❋❄✫➫✩❇ ✾❦✮✩❄❨✣✩✪⑩➭❾➫ ❆ ✳❄➭✆✪➟➲ ✪❅☛
✏













































❆✕➳ ✓ ➫☞☛✒❄⑥➯☞✞✚✞✵✣✩❄❳➭✂☛ ✌✐✣✷★✷➭▼✮❘➫



















































































































❃✪❀✕▼P❷❦❂❄✽✤❉◆❭✕▲❣❃✫✽  ❹❀✕●❛❀❞❷P❚❨✽❧♠➟➓◆❃✪❀✕◗③❂✷▼❢♣P✾❁▼❄▲✫▼◆❪ ✽❁▲✑❂◆▼❢♣❄❀❡❅✗❚❨▲❣▲✫❀✕❚❨❃✫✽✕❼✹✾❳➊ ☎⑨❚❨❅❄r ✒❙r ☛✕➵✗q✜r❋✼✉❀❆❖✲❭✗◗✫❚❨▲✫❚❨❭✗❉❜❂◆✽








































r➅➩ ①✷✈❹➙Pr❲➙✕➙❦✽❁▲❩❸ ☎❖✈ ✒❡➙Pr ☛ ✒⑤❝❾➙Pr ☛✗q✜r➥➄❈❭✗▼❄❃❩✾❳✽➃➊⑩❀✕❚❨❃✫✽✕❼❋❉❄❭✗▼◆◗✐❀❊✈✕❭✗❉◆◗❩❚❱❉✇▲❣✽❁❃❣❝❞❇✽❁▲✫❀✕●❨❭✗❉◆❉❋❇✽❆●❨✽❊◗✐✾❁❀❡❃✫▲❣✽❊◗
✛➥➢ ✛❵❢✻➠ ✛ ✽❁▲✇✸❹➸➉♣◆♥✤➢ ❤❀✑❖❶❀❡❃✫▲✫❚❨❃✚❂❄✽❊◗✱❖✲✽❁▲✫❚❨▲✫◗❹✾✪❴◆❀✕❪❫❖❶◗❹♦ ♥➥➢✱♥❿❼s✾❳✽❫➀✇▼◆❚❈❃✫✽❁✈P❚❨✽❊❉✇▲③❤❀✑✽❊◗✫▲✫❚❱❪❫✽❁❃✚●❨✽➆➊➟❀✕✾➑❝
▲❣✽❊▼❄❃✰✫➈❚❱❉❘▲❣❃✪❭❙❂◆▼✷❚❨▲✴❂◆❀✕❉◆◗✭●❱❀➉▲❣✽❊✾✜❴◆❉◆❚❱➀❙▼❄✽②❂❄✽✱✾❳❭✕❃✫❃✫✽❊✾❳▲✫❚❨❭✗❉✐❂❄✽❊◗❋●❨❭✕➓✲✽❊◗✴❂✶■➅✽❁❃✫❃✪✽❊▼❄❃✱♠⑩✾❳➊ ✒❙r ✒❙r ✒✗q✜r❶➐❋❭✗❪③❪❫✽②❉❄❭✗▼◆◗
●❏■❲❀❊✈✕❭✗❉✷◗➉✈P▼✶❼s✾❳✽❁▲⑦❚❱❉✇▲❣✽❁❃❣❝❞❇✽❁▲✫❀✕●❨❭✗❉◆❉◆❀❡❅✕✽✑✽❊◗❣▲✚❃✫✽❊●❱❀❡▲✫❚❱✈✕✽❊❪❫✽❊❉❘▲❍❀❡❖◆❖◆❃✫❭➍❷P❚❱❪③❀❡▲✫❚❨➊✭❂◆❀✕❉✷◗✚●❨✽❫✾❁❀✕◗⑦❂❄✽❥❸ ☎❯✈ ✒❡➙Pr ☛ ✒⑤❝





























































































































































































































































































































































▼◆❉❄✽❋❪❫❭➍➔✕✽❊❉◆❉◆✽➎❂◆✽❋↔✠s ☛ ✝ ☛✠s
✔
✸ ♠⑩❸ ☎❯✈ ✒❡➙Pr ☛ ✒⑤❝❾➙Pr ☛❡➙⑦✽❳❷❄✾❁●❱▼❄▲✜q✜r❡❸❹❀✕❉◆◗❈✾❳✽❁❃✫▲✫❀✕❚❱❉◆◗⑨✾❁❀✕◗❁❼❡✾❳✽❊◗❈▲❣✽❊❪❫❖❋❇✽❁❃✪❀❡▲✫▼❄❃✫✽❊◗❻❉◆✽
✔
➵❞➩
























➫☞☛✧✌ ✪ ✮❘➫✩☛ ✾ ❄❣➫✩☛ ✞✲➳➎➲❨➯✒✮✩❄ ✣✷✪➟➭❾➫❬➫❘★ ✞✵✣✷✪❋★✷➭✆✪➟➲➟➲
✏







✾✡❄✫➫☞☛❁✞✲➳ ✣ ❆❡➳✭✓ ➯ ✮✩❄❨✣✩✪➟➭❾➫✤➫✧★❜➭✆❄⑥➯✷✪➟➭ ✞❶➲❱➫✧✪✍★ ✙✯✣✩❄❅❄✫➫☞☛ ✞❊✣✩★ ✮ ✓➯
➲✄  ➯ ✮❅✳❂☛➑➭❾➫❘✴❥➫❘★✷➭✞✮❘➫☞☛✤✮✇➫✧✳✚★
✏












 ❧✄✜✁ ✄✏✒❙r ☛✕↔ ✉ ✏✫✪✍✴ ✪➁➲❨➯✩✪✍❄❣➫ ✓➯③➲❨➯  ✝✗✷✳✵❄✫➫ ✳❘➳✻✢✶✕ ✮✗➯✩★❏☛⑦➲❱➫☞☛✤✮✇➫✧✳✚★❩➭✆❄⑥➯✷★❏☛ ✪⑩➭✆✪✆✣✷★❏☛➆➯✩✳❄➭✡✣✩✳✵❄✤✮✇➫ ✳❯✴ ✴❥➳
✔
➵✷❣
 ❧✄✂✁☎✄ ✒❙r ✒❡➙ ✉ ◆❖✣✷✴✺✞❄➯✩❄⑥➯✷✪✻☛❘✣✩★ ✮❘➫✩☛
➭❾➫✧✴✟✞
✏
➫✧❄❣➯✕➭✆✳✵❄✫➫☞☛✱✣✶✠❊➭❾➫✧★✫✳✷➫✩☛➉➫❘★ ☛ ✳ ✞✚✞❊✣ ☛❳➯✩★❶➭
➲✕ 
✏






➫ ✞P➯✩✪❅☛❃☛❊➫ ✾ ✙ ✣✩❄❅❄❣➫✩☛ ✞✵✣✩★☞✮✗➯✩★✷➭ ✓➯✦➲❨➯ ✻ ❋✡✠ ❆ ✥






◆✞◆✏✢⑦➳ ✓ ➫☞☛ ❄ ✣✩★☞✮ ☛ ✞✸➲❨➫❘✪❋★❏☛ ✪❋★✽❇
✮✩✪✜✛✜✳✷➫✧★✷➭❜➲❱➫☞☛❜✣✶✠ ✮❁➫❊➭✂☛ ➯ ☛✍☛✧✣✦✙✜✪
✏
➫✩☛ ✓➯ ✳✵★✸➫
✞✵✣✕➭❾➫✧★❶➭✆✪❏➫❁➲➁➲❱➫ ☛✧✣✩✳✵❄ ✙✜➫ ✮❘➫ ✙✩✆P➯✩✳ ✝➥➯✦✗✇➫❧➫✧★✽❇







✔✫◆✗✖✔✙ ✣✩❄❅❄❣➫✩☛ ✞✵✣✩★☞✮❘➫✧★✷➭ ✓➯








































➙❯✸❫r✲✼s✽❫✾❁❀✕◗❹●❨✽➂❖✷●❱▼◆◗➥❉❄❭✕▲✫❀❡➓✷●❨✽➂✽❊◗❣▲✚✾❳✽❊●❱▼◆❚❈❂❄✽➆❸ ☎❯✈ ✒❡➙Pr ☛ ✒⑤❝❾➙Pr ☛❙❼✉❭✶❤▼➈●❨✽


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































➫❘❄⑥➯✕➭✆✳✵❄✫➫☞☛ ✥ ✮❘➫✧★❏☛❅✪➟➭ ✏
➫✩☛❦➫❊➭ ✮❘➫❘★❏☛ ✪⑩➭
✏











➫✩☛❵✮✇➫✧✙✯✣✕➲P✣✩★✕★✸➫ ☛❘✣✩★✷➭ ✣✡✠❁➭❾➫✧★✕✳◆➫✩☛ ✓➯ ✞❄➯✩❄➑➭✆✪✍❄▼✮✁  ✳✵★✸➫❥➯✩★✸➯✸❇













☛ ✌ ✾ ✞❊✣✩✳✵❄❵✢❉◆
✔














➳ ✓✉➫☞☛ ✞✵✣✩✪✍★✷➭✂☛ ✮   ✪✍★✷➭
✏
➫✧❄❅❄❨✣❉✗❘➯✕➭✆✪ ✣✩★ ☛❅✪ ✗❲★✫✪  ❋➫✧★✷➭ ✛❘✳✷➫✻➲❨➫✩☛✟✙✯✣✩★☞✮✩✪➟➭✆✪ ✣✩★❏☛ ★   ✣✩★✷➭✹✞ ✳ ☎➫❁➭✆❄✫➫
✙✯✣✩★❶➭✆❄⑥➯✩✪✍★✷➭❾➫✩☛ ✞P➯✩❄❍➲✕  ➯✩★❶➯✕➲ ✝ ☛❁➫ ✓ ✂  ①➳
✔
↔✕↔✕↔✗q✜r✷➐❋✽②❖✲❭✗▼❄❃✫❃✜❀✕❚❨▲➎➏✽❁▲❣❃✫✽✱●❱✽②✾❁❀✕◗✭❂◆✽➥●❱❀✚❖✲❭✗◗✫❚❱▲✫❚❨❭✗❉❫◗❣❭✗❉◆❂❋❇✽❁✽❹❂◆❀✕❉◆◗✭●❨✽ ✂✷●❱❀✕❪❥✽❊❉❘▲✹◗✫❭✗❪⑦➓◆❃✪✽➂❤❀➉❖◆❃✪❭❊❷❄❚❱❪❥❚❨▲❙❇✽➥❂◆✽







❖✷❀❡❃⑦✾❳✽❁▲❣▲❣✽③❚❛❉❘▲❣✽❁❃✫❖✷❃❙❇✽❁▲✫❀❡▲✫❚❨❭✗❉ ♠➟❖✲❭✗◗✫❚❨▲✫❚❨❭✗❉✷◗✚❀✕◗✫◗❣❭P✾❁❚✜❇✽❁✽❊◗✐❤❀❬❂❄✽❊◗✚❀✕❪❥❀✕◗⑦❂✶■❑❇✽❁▲❣❭✗❚❱●❨✽❊◗⑦❂✷❀✕❉◆◗✚❸ ☎❖✈✚➙✗↔❙r ➨✷❣⑤❝❾➙Pr❲➙❡➩t✽❁▲












n(H  )=5.10  cm   ,2
-34 N(HC  N)=2.10   cm   -2123 n(H  )=5.10  cm   ,2
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✏
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✏
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✏
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✏
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➫❁➭➎➯❡➲❨➳ ☛❡➙✕➙❲☛❡❀❘q✜r
➐➎✽❊◗✚✽❳❷❙▲✫❚❛❉◆✾❳▲✫❚❨❭✗❉◆◗➉◗❊■➅✽❳❷❙❖◆❃✜❚❱❪❫✽❊❉✇▲➉◗❣❭✗▼◆◗✚➊➟❭✕❃✪❪❫✽③❂◆✽❥❪❥❀❡❅✗❉◆❚❨▲✫▼◆❂◆✽❊◗✚❃✪❀❡❖◆❖✲❭✕❃✫▲❙❇✽❁✽❊◗✐❤❀✤●❱❀❵❂◆❚❽➌②❇✽❁❃✫✽❊❉◆✾❳✽③❂◆✽❊◗
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✪✫✑❳❑✌✑✗✪✄❑✲✺✙✦✌✦ ✛✑✣✑✗✪❣✭❙✺✙✳ ✛✑✗✽✣✰✌✳✮✤✧✬✵✱✾✑✗✪ ✔
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✎✫♥❅✾✬✎✟✎✥♥❲✙❍✎✮✫♥✪✔✗♥✕✣✷♦ ♥❅✣✷♦✒q✵♣❵✑❛✫♥✍✖✤☛❛♣✤✣❍♥❊✖❏♥✪✔❜✻✥♣✤✎✪✎✫♥✕✔❜✖❑✦ ♥❅✎✛✎✥♥✕✾✬✎✟✔✛✾✬✎✴q✲✦ ♥❅✣✩✔✣♥❅✑❃✻❅q✮♥❝✖✤✾❡❞✣♥❅✾✸✖❏♥❊✖✏✜✤✣❁✣☞✫♥❋♥✾♥✕✔❅r❢❚➂♣
✖✤✎✲✜✤☛❊♦ ♥✒♥❅✣✿✌✏✎ ♣✤✔▼✶✛✜✤✎✪✎✫♥✕✔❣✙✬✜✤✣✷✖❤❖♣◗✾✬✣✩♣✧❞✛✾✐✔❅♦ ♥✕✑✴♥✕✣✷♦✮✻✕☛☎✹➀♣✤✎✪☛❛♣✤✣✷♦ ♣✤✾✏✳◗✑✗✜✤☛☎✣❍✖✤✎✥♥✪✔❫✶❚♣✤✎✪✎❇✫♥✕✔
■
✖✏✜✤✣➅♦❪q✮♥✪✔❢✎❇✫♥✕✔✛✾❇q ♦➄♣✧♦☎✔
✔✕✜✤✣➅♦❥☛★✣✷✖✤☛✥❦✍✾❴✫♥✪✔❧✔✪✾✬✎❴✶❅♠✕♣✏❦❅✾✷♥ ✖✒☛◆♣✍✌✏✎ ♣✒✑✓✑✴♥❋r●❚❪♥✪✔♥✖✤✎✲✜✤☛❊♦ ♥✕✔❤♥✕✣❞♦✥☛☎✎✫♥✗♦☎✔☎♥✗♦❁✙✩✜✤☛★✣➅♦✥☛✇q❊q❏✫♥⑦♥✪✔◗✶✴✜✤✎✪✎✥♥✪✔❣✙✩✜✤✣❍✖❏♥❅✣✷♦✂✎✫♥✕✔✛✵














































♦✥☛☎✎✫♥✗♦☎✔✣✂ ✣✩✔❊✶✴✜✤✎✪✎✥♥✪✔❣✙✩✜✤✣❍✖ ❖♣ q✧✦ ♣✧❞✪✾✐✔ ♦ ♥✕✑✴♥❅✣✷♦✓✻❅☛★✹✸♣✤✎✛☛❛♣✤✣✷♦▼♣✤✾✏✳ ✑✼✜✒☛★✣❍✖✒✎✫♥✕✔ ✶✾♣✤✎✪✎❇✫♥✪✔❅r◆❚❪♥✪✔❊✻✥♣✒✎✛✎✥♥✪✔ ✖❑✦ ♥❅✎✛✎✥♥✕✾✬✎
✎✥♥❲✙❍✎❇✫♥✪✔✗♥✕✣✷♦ ♥❅✣✷♦ q✵♣✓✑❛✫♥❬✖✤☛❛♣✤✣❍♥◗✖★♥✪✔❴✻✾♣✤✎✛✎✥♥✪✔◗✖●✦ ♥✕✎✪✎✫♥❅✾✬✎❧✔✪✾✐✎✆q✧✦ ♥✕✣❁✔✣♥✕✑❃✻✣q✵♥ ✖✒✾◆❞✗♥✕✾ ✖❏♥ ✖✏✜✤✣✈✣◗✫♥❋♥❚♥✪✔❅r❪❚❪♥✕✔❫✖✤✎✲✜✤☛◆♦ ♥✪✔
























✞✁  ✄ ✂✆☎✞✝☎☛✠✟ ✶❅♠✕♣✤✑◆✙☛✡  
✱
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1. PRINCIPLE OF THE CELL OPTICAL SYSTEM  
 
The optical system is a quasi Offner, allowing an overall 1:1 optical relay. It consists 
of two flat folding mirrors feeding the Offner relay hosted inside the glass cell. The optical 




The system is fed by a Gaussian beam of waist w0 7.50 mm at 650 µm wavelength. In 
the following, we consider that all optical parts must respect the 4w spillover criterion, 
corresponding to a –34 dB truncature. The working spectral band is 150-650 µm (15-67.7  
cm
-1 
). We locate the input waist in the plane of the connecting flange (see mechanical 
drawings). 
The optical components are assumed to be achromatic. The mirror reflexivity is taken 
to be 1. 
3. CHOICE OF THE WINDOWS 
 
We have considered two window materials: Mylar and Polyethylene. 
 
3.1  Mylar window 
 
A thin Mylar film (23-100 µm) can be used, as is commonly done for micro-wave 
detector dewars. We have assumed an index of 1.8. The transmittance of a 50 µm Mylar film 
is given in Fig. 1 as a function of wavenumber and is found to vary between 71% and 100%. 
In order to avoid significant standing waves in the system, the windows need to be tilted. The 
window transmittance as a function of this tilt angle is given in Fig. 2 and shows that angles 
up to 10 deg. can be used without significant effects.  
 
3.2 Polyethylene window 
 
The properties of a polyethylene window 2 mm thick are presented in Fig. 3 and 4. 
(the assumed index is 1.54). Due to the higher thickness, the fringes pattern intrinsic to the 
window has a higher frequency and becomes a problem in a double side-band system of 16 
GHz bandwidth separation. 
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 Fig.4: Polyethylene transmittance as a function of window tilt angle for 3 wavelengths. 
 
4. CELL OPTICS 
 
The optical system was optimised for the Mylar windows. This is the baseline 
configuration. The consequences of using a polyethylene window instead are given below. 








 Fig.5: Optical layout of the beam paths. 
 
 
4-1 Optical characteristics:  
 
Opening :   F/9 
Magnification :  -1 
Stop diameter :  27.6 mm 
Pupil dimension:    infinity 
Pupil position:  infinity 
 
4-2  Optical performances: 
 
The optical quality is limited by the diffraction. The wavefront error is found to be 
below 6 µm in any case. It falls below 3µm if Mylar windows are used.  
 
4-3 Mirror spécifications 
4-3-1 Mirror M1 
 Material:    BK7 or Pyrex 
 Shape :   Spherical 
Dimension :    130x62 mm2 
Thickness:   28-30 mm 
Radius of curvature:    -500 mm ±1% ✮✬✩
✣
Surface accuracy (P-V) :  lambda/4 (lambda = 0.6328 µm)  
Surface rms :    20 Å 
Coating:     Gold  
Number:    1 
4-3-2 Mirror M2 
 Material:    BK7 or Pyrex 
 Shape :   Spherical 
Diameter:    28 mm 
Thickness:   6 mm 
Curvature radius :    -323 mm ±1% 
Surface accuracy (P-V) : lambda/4 (lambda = 0.6328 µm)  
Surface rms:   20 Å 
Coating:   Gold 
Number:   1 
4-3-3 Folding Mirrors P1-P2 
Material:    BK7 or Pyrex 
 Shape:    Flat mirror 
Dimension :    44x32 mm2 
Thickness:   8 mm 
Surface accuracy (P-V): lambda/4 (lambda = 0.6328 µm)  
Surface rms  :  20 Å 
Coating:   Gold 
Number:   2 
 
4-3-4 Mylar window 
Material:    Mylar 
 Shape:    Flat 
Diameter:    36 mm 
Thickness:   50 µm 
Surface accuracy (P-V) : lambda/4 (lambda = 0.6328 µm)  
Surface rms  :  20 Å 
Number:   2 
 
4-3-5 Polyethylene window 
Material:    Polyéthylène 
Shape:    Flat 
Diameter:    36 mm 
Thickness:   50 µm 
Surface accuracy (P-V): lambda/4 (lambda = 0.6328 µm)  
Surface rms:   20 Å 






5. TOLERANCE ANALYSIS 
 
We assume the following tolerance specifications for the input and output beams, 
which are those given by the consortium: 
 
±0.05° on tilt angle 
±3 mm for the axial waist position 
±0.1 mm in the lateral displacement w.r.t. optical axis  
±1% uncertainty on mirror radius of curvature after realisation 
 
An extensive tolerance analysis shows that the cell optical system is not highly 
sensitive to mismatches within the above specified ranges. Our output beam fulfils 
these requirements. The maximum wavefront error is estimated to be 6 µm, 
corresponding to lambda/25 at 150 µm.  
 
We show below the waist displacement with respect to the plane defined by the output 
flange, along the optical axis, when various polyethylene windows are used instead of 
the Mylar one. The optical system is assumed to be optimised for the Mylar window. 
If required, Polyethylene windows of 1mm would be chosen. 
 
 
PolyEthylene 1 mm -0.11 mm 
 2 mm 4.44 mm  
 3 mm  5.74  mm 
Mylar 50µm 0 mm 
 
  
6. STRAYLIGHT ANALYSIS 
 
Fig. 6 shows the main straylight paths for windows with an 8 deg tilt. A detailed 
analysis shows that such a tilt reduces the straylight contamination down to a 0.2% 
level. An absorber located in between the two flat mirrors will absorb the light 
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